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FOREWORD 


Available information concerning the technology of titanium dioxide 
enamels lies primarily in a few publications which deal with ceramics 
and with finishes for metal surfaces. The information in this bulletin 
comes chiefly from several sources. The first of these is ceramic journals 
and metal finishing publications. Some of the data has come from the 
reports of the cooperative research program sponsored by the Enameled 
Utensil Manufacturers’ Council in the Department of Ceramic Engineer- 
ing at the University of Illinois. A portion of it has resulted from a 
recent research program in the Department of Ceramic Engineering at 
the University of Illinois sponsored by the National Science Foundation. 

This bulletin is written for that audience of students, researchers, 
porcelain enamelers, and materials and coating engineers, who, it is 
hoped, may find useful information in this brief monograph on a topic of 
interest in the field of ceramic engineering. 

A glossary of terminology of the porcelain enameling industry is 
given in “Tentative Definitions of Terms Relating to Porcelain Enamel,” 
ASTM Designation: C286-55T, ASTM Standards, Part 3, p. 875, 
American Society for Testing Materials, Philadelphia, Pennsylvania, 
1955. 


1. INTRODUCTION 


A technology may be defined as the systematic 
knowledge of an industrial art. This treatise on 
the technology of titania-opacified porcelain en- 
amels (titania enamels) is developed functionally, 


1.e., according to the theory and processes which - 


result in a finished product and the properties 
which this product possesses. A basic phenomenon 
involved in titania enamels is the recrystallization 
of titanium dioxide from a glassy matrix. The 
processing key necessary to arrive at optimum re- 
crystallization characteristics seems to be the for- 
mulation of the porcelain enamel glass from which 
the titanium dioxide precipitates. 

In many instances, the development of a tech- 
nology has been carried out by empirical methods, 
i.e., the trial and error technique. This means that 
much of the progress has come as a result of the 
experience of artisans. This method, involving 
_ various random compositional changes of porcelain 
enamels, has frequently been used to derive special 
_ effects or properties. Scientific explanation of these 
effects gained through experimentation, and the 
understanding of the solution to the problems after 
they have been solved, are often of little conse- 
quence with these empirical techniques. This is an 
inherent difficulty in ceramic composition work, 
and because of the complexity of the system, em- 
pirical techniques are sometimes the only economi- 
cally productive methods in development work. 
Many attempts have been made in the last two 
decades to systematize the research and develop- 
ment in complex compositions and to apply well- 
known scientific principles to such a complicated 
system as glass with recrystallizing substances. 
Many of these attempts have been successful. In 
this paper an attempt is made, when possible, to 
show where these principles have been applied. 

Commercial consideration of porcelain enamels 
opacified with titanium dioxide (titania) did not 
begin until shortly after World War II. At that 
time, the idea of using titania as an opacifying 
agent was certainly not new. As early as 1909 re- 
search was begun by Vondracek.™* Later in 1920, 
development aspects were investigated by Landrum 
and Frost.) Again, about 1940, Tinsley and 
others“ carried out investigations on porcelain 
enamels opacified with titania. In the late 1940’s, 


* Superseripts in parentheses refer to entries in the Bibliography. 


recrystallizing titania enamels were generally avail- 
able on the market. These enamels were character- 
ized by high reflectance with relatively thin coating 
applications and excellent acid resistance. Several 
reviews of the history of these enamels have been 
given, 

In order to discuss the development of titania 
enamels, it seems best to review certain concepts 
inherent to the technology of these enamels. Crys- 
tallization from solution is the most obvious and 
perhaps most important of the processes involved 
in the production of such enamels. Opacity is 
developed in enamels by the reaction of light with 
minute crystals present in the glass. It is therefore 
necessary to consider these reactions as well as 
general crystallization phenomena. The color char- 
acteristics of the porcelain enamel are related, 
among other things, to the type of crystals present. 
Since titania has two polymorphic forms, the 
nature of its polymorphic inversion is of interest. 
The recrystallization characteristics of the titania 
depend upon the constitution of its matrix environ- 
ment in the enamel glass, and thus, the formulation 
of porcelain enamel glass is a vital factor. Such 
considerations form the basis for the technology of 
titania enamels. 

Since titanium dioxide was long known to have 
an extremely high index of refraction, its use as an 
opacifier for paints and porcelain enamels was a 
natural development. Substances with a high in- 
dex of refraction were desired as opacifiers, since 
hiding power and, consequently, the opacity are 
related to the difference between indices of refrac- 
tion of the matrix and the opacifying particles. 
Other opacifiers for porcelain enamels included 
certain fluorides, antimony oxides, tin oxide, and 
zirconium oxide. Values for the index of refrac- 
tion of each of these opacifiers may be seen in 
Table I. 


Table | 


Index of Refraction of Various Opacifiers‘” 


Opacifier Index of Refraction 

NaF 1,336 

CaF 1.434 

Sb2Os 2.087-2.35 

SnOz 1.997-2.093 

ZrO2 2.13-2.20 

TiOs 
Anatase 2.493-2.554 
Rutile 2.616-2.903 
Brookite 2.583-2.741 


ll. CRYSTALLIZATION 


1. Properties of Titania Crystals 


The element titanium forms four oxides: TiO, 
Ti,O;, TiO2, and TiO;. The dioxide, TiO., is most 
common in nature and is known to exist im 
three polymorphic forms — brookite, anatase, and 
rutile.“ Brookite, although found in nature, has 
not been shown to recrystallize in porcelain en- 
amels. X-ray diffraction techniques have shown 
anatase and rutile to be the two crystal modifica- 
tions that recrystallize in porcelain enamels. 

a. Structural Properties 

Macroscopically, anatase and rutile appear in 
nature as tetragonal crystals with colors varying 
from reddish to brown or black. The colors are 
believed to be caused by iron oxides. Rutile, whose 
name comes from the Latin word meaning red, is 
commonly a prismatic, acicular crystal. Anatase, 
derived from a Greek word alluding to the fact that 
its c-axis is longer than that of rutile, occurs often 
as tabular crystals whose habit is seldom pris- 
matic.” 

Rutile has an octahedrally co-ordinated struc- 
ture with six oxygen atoms surrounding each Ti 
atom. Anatase is also octahedrally co-ordinated 
but it has an elongated structure. The two forms 
differ in the way the TiO, octahedra are joined to 
build the crystal. In rutile each octahedron shares 
two edges with adjacent octahedra, while in anatase 
four octahedra share edges with four others (see 
Pigs 1) 920 

b. Physical Properties 

The physical properties of TiO, are shown in 
Table II. 

c. Chemical Properties 

The minerals anatase and rutile dissolve only 
slowly in hydrofluoric acid. The solubility depends 
on the temperature at which the crystals were 
formed, e.g., anatase and rutile formed below 700° 
C. have been known to dissolve in a mixture of 
hot concentrated sulfuric acid and hydrofluoric acid, 
in molten borax, or in molten potassium acid sul- 
fate. Anatase and rutile formed above 1000° C. 
are practically insoluble.’ Because of this insolu- 


¢ Titanium atoms 
© Oxygen atoms 


Anatase 
lattice 


Futile 
/attice 


Fig. 1. Structural Arrangement of TiOs Octahedra 
in Rutile and Anatase (from Huckel‘”’) 


bility it has been possible to obtain excellent elec- 
tron micrographs, which have revealed the size, 
shape, and distribution of anatase and rutile crys- 
tals in enamels. The crystalline TiO, used in 
titania enamels dissolves in the glass at tempera- 
tures in the order of 2100° F. 

The outstanding properties of TiO., with regard 
to its use in porcelain enamels, are its high refrac- 
tive index and its chemical inertness. It has the 
highest index of refraction of any “white, inorganic, 
crystalline material.’ 


2. Crystallization and Recrystallization of Titania 


a. General 

Crystallization in porcelain enamels is simply 
the formation of crystals from a glassy material. 
This process is frequently called crystallization, 
recrystallization, precipitation, or devitrification — 
all related terms. Crystallization, as defined in this 
discussion, refers to formation of crystals from a 
system in which these same crystals did not exist 


Table Il 
Some Physical Properties of Titanium Dioxide Crystals“ 
Anatase II Rutile Brookite 
Density (gm/cc) 3.84 4.26 4.17 
Index of Refraction 2.488-2.560 2.616-2.903 2.585-2.699 
Crystal System Tetragonal Tetragonal Rhombic 
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before. Recrystallization refers to the formation of 
crystals from a system in which they previously 
existed. Precipitation is generally used to refer to 
the formation of a liquid phase from a gas, or the 
appearance of a solid substance, not necessarily 
crystalline, from a solution, frequently an aqueous 
solution. Devitrification is crystallization from 
glassy melts, often connoting an unwanted crystal 
formation. 

Essentially, the system that has been studied 
and referred to as titania porcelain enamel is a 
glass in which TiO, has been dissolved and _ re- 
crystallized. The recrystallization of the TiO, 
crystals may be considered in two ways. First, it 
may be thought of as the precipitation of the 
crystalline material from the glassy solution, where 
the solubility of the titania is a function of the 
composition of the glass and the temperature of 
the melt. In this case, there is a definite analogy 
to aqueous solutions of various salts. On the other 
hand, the system may be thought of as a multi- 
component phase system in which the knowledge 
of phase equilibrium relationships could be used to 
interpret the recrystallization process. The term 
devitrification, rather than precipitation, is gen- 
erally used in connection with such phase equilibria 
studies. 

No fundamental studies of the phase relations 
involved in the titania enamel system have been 
made. However, it is obvious that the system is a 
non-equilibrium system and that the compositions 
found successful are those in which TiO, is the 
primary crystalline phase. The remaining liquid, 


_ie., the glassy melt, seldom recrystallizes to any 


great extent. This is certainly not an invariable 
rule, since with certain compositions, and when 
long heat treatment periods are employed, more 
crystalline material and other crystalline forms 
have been identified. Particular reference is made 
to quartz, which has developed and has been identi- 
fied many times. Quartz crystals form frequently 
at temperatures slightly below those at which ana- 
tase begins to form. 


b. Theory 

Formation of crystals can be classified into two 
distinct processes. The first of these is the aggre- 
gation of a number of atoms, present in disordered 
state, to form the centers of crystallization called 
nuclei. After these nuclei are formed, additional 
atoms migrate to these nuclei to begin the lattice- 
work of a macrocrystal. This latter process is 
called crystal growth. Crystallization occurs from 


a melt, a vapor phase, a solid state reaction, or a 
solution. Only erystal growth from a solution is 
considered, since crystalline titania dissolved in 
glassy solution is analogous to this condition. The 
primary difference between crystallization from 
aqueous and glassy solutions is the very significant 
change in the viscosity of glass as the glass is 
cooled. 

Nucleation is a phenomenon that is difficult to 
study because of the small size of the nuclei; 
consequently most of the information available on 
the subject is based on theory. Thermodynamics 
shows that matter tries to gain its lowest energy 
form. Energy must be added to matter as it 
changes from a solid to a liquid. If the speed or 
motion of the atoms in a solution is of a Maxwel- 
lian distribution, which appears valid for liquids 
and gases, the atoms of lowest energy are likely to 
come together to form the first nuclei and follow 
the laws of probability.?” As these nuclei form, 
there is also simultaneous action of the solvent on 
them that works in the opposite direction. These 
two processes are dependent upon the solubility of 
the crystal in the solution and the temperature- 
viscosity relationship of the solution. As the tem- 
perature drops, the solubility of the particular 
crystallizing material decreases, while the viscosity 
increases. When the temperature goes below this 
limit of solubility without the supersaturated ma- 
terial precipitating or crystallizing out, supercool- 
ing or supersaturation has occurred. Tamman‘“” 
has related the rate of nucleation to the degree of 
supercooling present in a solution and the viscosity 
of that solution (see Fig. 2a). 

As supercooling progresses, the rate of forma- 
tion of nuclei reaches a maximum and then falls 
off rapidly. This peak of nucleation is believed to 
be about 100° C. below the point where crystalliza- 
tion can take place. The decrease in the rate of 
nucleation occurs as a result of decreased mobility 
of the ions caused by increasing viscosity. The fact 
that the rate of nuclei formation increases with 
decreasing temperature has been explained by 
Seitz“”) in terms of size of stable nuclei: “A 
nucleus of any size is more stable the lower the 
temperature. ...” A particular size nucleus is 
composed of internal atoms which have begun the 
lattice and those external atoms on the surface of 
the nucleus. The energy of the surface atoms is 
independent of the temperature, while the stability 
of the internal atoms increases with reduction in 
temperature. The stability of the total nucleus, 
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Fig. 2. Nucleation, Crystallization and Degree of Supercooling 


then, is proportional to the number of unstable 
surface atoms. Thus, with increased temperature, 
more internal stable atoms are necessary to 
counter-balance the unstable surface atoms. It is 
clear that as the temperature is decreased, the 
size of the stable nucleus decreases. Since Tamman 
showed the formation of nuclei to follow the laws 
of probability, it can be shown that the probability 
is greater for a small nucleus, rather than a large 
nucleus, to form. 

Mathematical studies on the size of these stable 
nuclei indicate the smallest stable nucleus to be 


approximately 25 atoms.) This explains the diffi- 
culty encountered in studying nucleation directly, 
as the size of these nuclei would be of the order of 
.005-.010 microns. The use of the Tyndall cone has 
been mentioned in the literature but it has met 
with only qualified success to date. 

Crystallization also can be shown to be a 
process partially dependent upon supercooling and 
viscosity (see Fig. 2b). For a glass, the primary 
difference between the crystallization and nuclea- 
tion curves is the displacement of the peak of one 
from the peak of the other. The fact that these 
peaks do not coincide accounts for the existence of © 
a glassy material with no crystals. The points at 
which nucleation and crystallization can take place 
are passed over momentarily by decreasing the 
temperature rapidly. This prevents nucleation and 
crystallization to a large extent since these phe- 
nomena are functions of time. 

Interpreting Fig. 2c, one may see the relation 
of erystallization, nucleation, and viscosity. As 
higher temperatures are reached (approaching pt. 
A), viscosity begins to decrease rapidly. At this 
point the atoms are restricted sufficiently to prevent 
dissolution of the nuclei, which are constantly. 
forming and dissolving. However, the atoms are not 
free enough to allow rapid growth of these crystals. 
Now as the temperature is raised to pt. B, which 
is not high enough to reach the point of solubility, 
the atoms become free enough to move to the nuclei 
and form the macrocrystals. Nuclei that are small 
now dissolve, while those that are large allow more 
area for crystallization to appear. 

These relationships were used by King and 
Andrews®® to explain the behavior of recrystal- 
lizing zirconia enamels. Their work was important 
to the subsequent development of titania enamels 
because of the similarity between the titania and 
zirconia enamel systems. 

Yee and Andrews, working with thin films of 
titania enamel glass, determined the rate of nuclea- 
tion and crystallization at various temperatures. 
Determination of the viscosity of the same enamel 
glass and correlation of this data with the nuclea- 
tion and crystallization rates provided agreement 
with Tamman’s principles (see Fig. 3) for the 
enamel compositions studied. 

Further evidence of the applicability of this 
theoretical relationship has been shown in some 
recent studies. If there exists a temperature where 
the rate of nucleation is a maximum, then a re- 
crystallizing solution permitted to remain at this 
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Fig. 3. Experimental Verification for Porcelain Enamel of Tamman's 
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Crystallization Theory (from Yee and Andrews 
temperature for a long period of time before sub- 
jecting it to the temperature of maximum crystal- 
lization should tend to produce the greatest number 
of crystals that can be formed from the system. A 
porcelain enamel is generally brought to the crys- 
tallization temperature by passing only momen- 
tarily over the temperature of maximum nucleation. 

A study in which frits were purposely held at 
the nucleation temperature (for 44 hour) indicated 
that this heat treatment procedure did not signifi- 
cantly affect the total amount of crystals. (See 
Fig. 2c.) In an unstabilized frit, the relative amount 
of anatase crystals was, however, increased by a 
heat treatment procedure. (See Fig. 4a.) In an 
enamel stabilized with phosphate additions, heat 
treatment of the frit affected neither the relative 
amounts of anatase and rutile nor the total amount 
of crystals resulting in the fired enamel. (See 
Fig. 4b.) There may exist certain enamels in 
which the amount of precipitated crystalline mate- 
rial is equal to the amount of solute originally 
dissolved in the solution. In cases such as this, heat 
treating obviously could not result in increased 
crystal formation. 

The concept of metastable zones below the 
liquidus of supersaturated solutions as presented 
by Stookey“) further clarifies the nucleation proc- 
ess. Using a diagram similar to that of Tamman, 
metastable zones immediately below the melting 
temperature, and at the point where viscosity be- 
gins to rise rapidly, were introduced as in Fig. 5. 
In these metastable zones, either homogeneous 
nucleation (nuclei formation on particles of the 
stable phase) or heterogeneous nucleation (nuclei 
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Fig. 5. Presence of Metastable Zones in Crystallization 
(from Stookey”) 


formation on particles of a foreign substance) may 
occur. Upon cooling below the first metastable 
region, spontaneous nucleation may occur. Upon 
further cooling and as the result of this increase in 
viscosity, nucleation is hindered and the second 
metastable region is entered. 

The use of the first metastable region is illus- 
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trated by cloud-seeding with silver iodide to induce 
crystallization of ice at temperatures 40° C. above 
that temperature where spontaneous nucleation and 
crystal growth would occur. The use of the second 
metastable region occurs in the production of 
photosensitive glass. Colloidal nuclei are precipi- 
tated with ultraviolet light or X-rays at a tempera- 
ture much below that where spontaneous nucleation 
can take place. Controlled crystal growth can then 
be accomplished by raising the temperature to the 
point where a known rate of crystallization can be 
utilized. 

The nucleation process occurring in porcelain 
enamels is not clearly understood, although it ap- 
pears that spontaneous nucleation takes place. The 
enamel glass is brought from room temperature up 
through the lower metastable zone into the region 
of spontaneous nucleation. The nucleation and 
crystallization rates in this region are evidently 
very high. Nucleation is probably aided by the 
presence of foreign particles. Any undissolved 
titania in the frit influences the crystallization 
characteristics of the glass. There is at present 
some doubt as to the presence of anatase or rutile 
nuclei remaining in the frit immediately after the 
melting process. At normal smelting temperatures, 
any remaining crystals of titania would be in the 
rutile form.“® If these were to seed the crystal 
growth, there would be rutile particles present at 
the incipient stages of crystallization. However, 
most data point out that anatase is generally pre- 
cipitated first, followed by the transformation to 
rutile at higher temperatures. Such reasoning leads 
to the conclusion that solution of the TiO, is gen- 
erally complete. 

Differential thermal analysis has provided some 
information concerning nucleation and crystalliza- 
tion. Olympia) studied five different frits with 
varying amounts of titania. A broad endothermic 
peak at 425-460° C. was ascribed to nucleation of 
anatase crystals, while an exothermic peak at 620- 
720° C. described the crystallization of the anatase. 
A correlation of this data with reflectance and 
crystal size corroborated von Weimarn’s theory “® 
that crystal size is inversely proportional to the 
concentration of the titania in the frit. 

Imoto,“” in similar work with thermal analysis, 
found the endothermic peak at 450-550° C. and the 
exothermic peak at 550-750° C. He noted the 
stabilizing effect of P.O; in which the endo- and 
exothermic peaks were both shifted to higher tem- 


Velocity 


Particle s/ze 
Velocity of erysta/lization 


Concentration 


Fig. 6. Effect of Concentration on Crystal Size and Velocity 
of Crystallization (from Cole‘) 


peratures in frits where this material was incor- 
porated. 

The theory of crystallization can be approached 
from von Weimarn’s laws of precipitation,“® which 
were formulated after extensive research on the 
solubility of salts in solution. Assuming the pres- 
ence of nuclei, the following laws of crystallization 
were found valid: (1) the size of the crystals de- 
pends upon’ the concentration of the solute in 
solvent and the time in which these two have to 
interact; (2) the size of the crystals is inversely 
proportional to the concentration of the solute; and 
(3) the rate of crystallization is directly propor- 
tional to the concentration of the solute. The 
relationship between particle size, concentration, 
and rate (velocity) of crystallization is graphically 
illustrated in Fig. 6. Beals et al.“® verified this 
relationship for titania enamels by studying the 
effect of concentration of TiO, on the particle size 
of the crystallites. 

Cole"? has enumerated the following factors 
which affect crystallization of material from solu- 
tion: (1) the number of crystalline substances; 
(2) the amount and type of impurities; (3) the 
latent heat of crystallization for the substance; 
(4) the viscosity of the solvent; (5) the concen- 
tration of the solute; (6) the type of nuclei; 
(7) the temperature of the solvent; (8) the diffu- 
sion coefficient of the solvent; and (9) the time 
of crystallization. 

c. Polymorphic Inversions 

Crystals which have identical chemical compo- 
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sition but different structures and physical proper- 
ties are said to be polymorphic forms of that mate- 
rial. When one form changes to the other, an 
inversion takes place. If the change takes place in 
one direction only, the reaction is irreversible. 
There usually is associated with this change in 
structure an “inversion temperature,” above which 
the unstable form cannot exist. That is to say, 
there is a temperature at which the reaction will 
proceed readily under the right conditions but does 
not exclude such a reaction from taking place at 
lower temperatures or failing to take place at 
higher temperatures. Existence of the unstable 
form above the inversion temperature (superheat- 
ing) is @ common occurrence among polymorphic 
erystals. 

The inversion is marked by a change from one 
structure to the other and involves a rearrange- 
ment of atoms. Polymorphic changes do not require 
molecules or ions to move past one another but 
need only rotation or translation.°? During this 
rearrangement the structures are able to react with 
other solids at an increased rate, according to 
Hedvall’s considerations.” 

It has been observed that in transformations, 
foreign ions frequently accelerate or inhibit the 
transformation, and therefore, play a large part in 
determining the temperature of inversion. A good 
illustration of this phenomenon is natural tridy- 
mite, which corresponds to the complex formula 
NaCaAl,Si,;O3,. These foreign ions take inter- 
stitial positions in the lattice and are responsible 
for multiplied cell dimensions. After the inversion, 
the multiplied cell dimensions disappear.“ 
Another approach to the effect of foreign ions 
has been one related to the electrostatic field po- 
tentials in their interaction with the structure of 
ionic crystals.. Field strengths are determined by 
ionic radius, the electrostatic charge, and polariza- 
tion factors of the ions concerned. By introducing 

the foreign ion, ionic radius and electrostatic charge 
are changed, thus producing asymmetrical effects 
in field strengths. Here the inversion is considered 
to be a breakage of bonds on the crystal surface, 
brought about by local weakening of the bonds 
attributable to the asymmetrical forces associated 
with presence of foreign ions.‘'®? 

Conversely, stabilization effects can occur as a 
result of the absence of foreign ions, or of a glassy 
phase surrounding and isolating the crystal from 
the foreign ions which might have an attraction to 
the crystal. 


d. Appearance of Titania Crystals in 
Enamel Glass 

Titania crystals in enamel glass assume two 
distinct crystallographic forms — anatase and ru- 
tile. In general, anatase is the primary crystalline 
phase if crystallization takes place below the trans- 
formation temperature of anatase to rutile. How- 
ever, many factors influence the predominant phase 
which appears. These include presence of nuclei of 
crystals, foreign ions, temperature of formation, 
and the atmosphere in which erystallization occurs. 

Since enamels are fired at temperatures which 
are in the transformation range of anatase to 
rutile, this transformation temperature and its de- 
termining factors play an important role. It is 
generally agreed that the anatase-to-rutile trans- 
formation is an irreversible reaction occurring in 
the temperature range of 600-1200° C. Hiittig and 
Kosterhon reported the rearrangement of the 
anatase lattice to that of rutile when precipitates 
were heated to 1560-1680° F. Hiittig®??) later re- 
ported that this temperature depended upon the 
catalysts present, and the most effective of these 
were HCl, SO;, HBr, air, and water. Pamfilov and 
Tvancheva’®*) reported the transition temperatures 
as 1480-1830° F., depending upon conditions of 
precipitation from titanium sulfate solutions and 
the nature of the impurities. Schossberger®* gave 
1120-2200° F. as the transformation temperature 
range, depending upon the method of preparation. 
He stated that abnormal density-temperature 
curves indicated that SO; had been trapped in the 
lattice and had acted as a stabilizer in the trans- 
formation. Thienchi®®? investigated the function of 
time in the inversion. Colloidal precipitated oxide, 
after 30 minutes at 1650° F., showed anatase with 
traces of rutile present; after one hour, rutile with 
a trace of anatase was present; and after one and 
one half hours at 1650° F., the conversion was 
complete. Commercial anatase which was of 
coarser grain showed no change after this treat- 
ment, indicating that small particle size increased 
the reaction rate. Pressure was shown to increase 
the reaction rate also. This work was evidently 
done on TiO, erystals in air rather than glassy 
solution. The glassy solution itself might be ex- 
pected to help prevent transition. 

Cole and Sullivan,?® in a recent study of col- 
loidal titanium dioxide formed by precipitation 
from a titanium sulfate solution, determined the 
effect of temperature on crystal growth and trans- 
formation. Rapid crystal growth began at about 
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(a) 4,000X, 1 micron = 4 mm. 


(b) 20,00X, 1 micron = 2 cm. 


Fig. 7. Electron Micrographs of Anatase Crystals (Enamel 5T, 1450° F. — 3 minutes) 


600° C., while the transformation took place in the 
range of 700-950° C., depending upon method of 
preparation. An expansion of the anatase lattice 
immediately preceding the transformation was 
noted. 

The physical appearance of anatase and rutile 
particles in porcelain enamels has been studied by 
numerous investigators.°7) The use of optical and 
electron microscopy has shown anatase crystals to 
be rounded, irregularly shaped crystals, and rutile 
crystals to be acicular, long needle-shaped crystals 
(see Figs. 7 and 8). Anatase crystals apparently 
do not grow larger than 0.25-0.35 microns when 
recrystallized in an enamel glass. The reason for 
this has not been experimentally determined but. it 
seems that the conditions which exist for their 
further growth are identical to those which aid the 
transformation to rutile, i.e., higher temperatures 
and lower viscosity of the enamel glass. This maxi- 
mum size range is the optimum size for producing 
maximum opacity in the enamel. Beals et al.@® 


stated this size range to be 0.17-0.22 microns in 
diameter. Rutile crystals reach larger dimensions 
of 0.30 microns in width to 1.00 micron in 
length.?™ The growth of these crystals has been 
found to be more rapid than that of anatase. Since 
these crystals are generally produced at higher 
temperatures, where the viscosity of the enamel 
is lower, this rapid growth is natural. 

The concentration of the titania in the glass is 
also an important factor in determining the crystal 
size of the precipitate. Beals et al.“®) studied this 
dependence and found an inverse relationship be- 
tween size and titania concentration in enamels 
where concentration was varied. At concentrations 
greater than 20%, the majority of the particles 
were from 9% to 23% smaller than 0.1 micron, 
while the remainder were less than 0.2 micron. As 
a consequence, most commercial enamels contain 
greater than 15% titania, since this concentration 
has provided crystals whose size allows the best 
opacifying power. The distribution of crystals” 
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(b) 1650° F, — 3 min., 20,000X, 1 micron = 2 cm. 


Fig. 8. Electron Micrographs of Rutile Crystals (Enamel 3T) 


in the porcelain enamel surface is not uniform. An 
electron micrograph of an enamel surface (Fig. 9) 
shows the distribution and aggregation of crystals 
at relatively low power. There are definite areas 
of sparse and of dense crystallization. This non- 
uniform distribution of crystals has been clearly 
demonstrated by electron microscope replication 
techniques. 


3. Effect of Foreign Elements on Crystallization 


The crystallization properties of an enamel 
glass can be changed in many ways. The introduc- 
tion of crystal nuclei affects the amount and type 
of crystal precipitated. Foreign ions incorporated 
in the frit composition can radically change the 
amount, the type, and the rate of crystallization. 

Early in the development of titania enamels, 
Tickle) added colloidal TiO, to the mill: in 
amounts of 1%. The particle size of this addition 
was approximately 100 A.U. (0.01 micron). Al- 
though the effect upon crystallization was not in- 


vestigated, the reflectance of the enamel was 
increased by 5 to 10%. Tickle did not mention 
whether these nuclei were anatase or rutile. 

Enamels are generally fired in an oxidizing 
atmosphere which, Tickle stated, is necessary to 
prevent a brown discoloration. However, there 
seems to be nothing in the literature to indicate 
that controlled atmosphere firing of titania enamels 
has been studied. 

In order to understand the recrystallization 
properties of an enamel glass, it 1s helpful to con- 
sider the entire process of crystal growth, trans- 
formation, and solution of the titania crystals over 
the temperature range in which these processes 
occur — 1000 to 1900° F. A quantitative X-ray 
technique®® * was used to analyze the crystal 
content at the surface of the enamel. It showed 
the following: (1) recrystallization of anatase 
from the enamel glass; (2) the transformation of 
the anatase to rutile; (3) growth of rutile; and, 
finally, (4) the solution of the rutile crystals. The 
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Fig. 9. Electron Micrograph Showing Distribution of Titania 
Crystals in Enamel (3600X) 


resulting curves (Figs. 10a, 10b, and 10c) provided 
an analysis of the effect of small additions to the 
frit on maximum percentage of anatase and rutile 
present in the glass, an evaluation of the transfor- 
mation temperature, and a determination of the 
solution temperature of rutile.) 

In the early stages of development of titania 
enamels, P.O; introduced in the smelter batch in 
various forms was found to inhibit the transforma- 
tion. It therefore became possible to fire the enam- 
els in the 1500-1550° F. range and still maintain 
anatase as the foremost crystalline component. 
This inhibition was a_ particularly interesting 
phenomenon. Its effect upon the reflectance and 
opacity was beneficial, and resulted not so much 
from the inhibition effect as from the increase in 
amount of crystalline material, namely, anatase. 
In order to study this inhibition effect, small addi- 
tions of various other cations were made. Inhibitors 
present during the commercial production of an- 
atase seemed to have two things in common: small 
ionic radius and high valence charge. This led to 
the prediction that other cations which satisfied 
these requirements might be used to stabilize the 
anatase structure. Other cations that did not have 
these qualifications might disrupt the structure. 
There were only a few possible choices for stabi- 
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Fig. 10. Crystallization of TiOz in (a) Unstabilized Enamel, 
(b) in Phosphate Stabilized Enamel (2% P:O5), and (c) in 
Phosphate Stabilized Enamel (4% P:O;) 


lizers: nitrogen, sulfur, arsenic, and selenium. In 
addition to these obvious choices for stabilizers, it 
was decided to determine the effect of numerous 
other cations. Selenium, however, was omitted. — 

The addition of these cations had two impor- 
tant effects on the crystallization properties of the 
enamel. The first of these was the variation in the 
temperature at which the transformation occurred. 
It is emphasized that the effects of these additions 
apphed only to these specific additions of 2% by 
weight. The effects of the oxides are listed in 
Tables III, IV, and V, using as the basis for com- 
parison the original enamel with no foreign cations 
present. 

The maximum percentage of anatase present 
seemed to be a function of the solubility of the 
crystals at that particular temperature. The oxides 
listed in Table III, rather than having inhibited 
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Table III 


Maximum Per Cent Anatase Present in Recrystallized Enamel 
Frits Containing Different Oxides 


Negative Oxides Neutral Oxides Positive Oxides 


xide Percent Oxide Percent Oxide Percent 
Anatase Anatase Anatase 
Cr203 2.0 SnO2 ELS P205 20.0 
ZnO 4.5 srO 11.0 SOs 19.5 
PbO 6.5 Sb203 11.0 As2O3 Is 
MgO 6.5 AloOz 11-5 
CeOz 6.5 BeO 12:5 
ZrO2 40) CaO 13.0 
WOs ie) BaO 14.0 
BiOs (eka) 
V205 8.5 
Table IV 


Maximum Per Cent Rutile Present in Recrystallized 
Enamel Frits Containing Different Oxides 


Oxide Maximum Per Cent, Rutile 
SOs 20.5 
SrO 20.5 
BaO 20.0 
MgO 20.0 
BeO 20.0 
Pd*4 18.5 
CaO 18.0 
AlOs 18.0 
Sb20s 17.0 
Pts 16.5 
ZnO 15.5 
SnO2 14.5 
ZrO2 14.0 
CeOz 13.0 
BiOs 12 
WOs 12.0 
PbO 12.0 
AsoOz 10.5 
Cr203 10.0 


or accelerated the transformation, affected the 
solubility of the TiO, in the glass. The solubility 
at any one temperature depended upon the crystal 
present, namely anatase, and the solvent glass. 
From Table III it may be seen that P,O;, SO;, and 
As.O; were effective in minimizing the solubility, 
while ZnO, PbO, MgO, CeO2, Bi,O;, and V.O; were 
effective in increasing the solubility. Other oxides, 
such as SnO., SrO, Sb.03, CaO, and BaO, did not 
appreciably change the solubility relationship. It 
is interesting to note that in the case of As.O3, SOs, 
and P.O;, the maximum percentage of crystals was 
approached since there was approximately 20% 
TiO, in the original composition. 

From Table IV the effects of the changes in 
composition on the maximum percentage of rutile 
may be seen. In general, rutile was more insoluble 
in its stable range than anatase. However, when 
anatase reached its maximum insolubility, as in 
‘the case when it had been stabilized, the maximum 
of rutile was never reached. This was attributed to 
the fact that by the time rutile had started to form, 
it had already passed its maximum point of in- 
solubility. 

Certain oxides, which include those of the group 
IIA elements, SO;, and Al,O;, seemed to promote 
the insolubility of rutile in its stable range. In the 


Table V 
Effect of Various Oxide Additions to Frit 
on Transformation of Anatase to Rutile 


Inhibitors 
Transformation Temperature 
oO 


Accelerators 
Transformation Temperature 


1400°-1475° F. 21550° F. 
PbO SOs 
ZrO2 P205 
ZnO AlLOs 
V205 As2Oz 

Table VI 


Effect of Nitrate Materials on Anatase and Rutile Development 
Oxide Composition (EUMC-T24) 


NaxO 9.0 
K20 3.0 
Si02 54.5 
TiO2 15.5 
B2O3 13.2 
F2 5.0 


Various Raw Material Compositions (for Oxide Composition Above) 
Without Nitrate With Nitrate 


1 2 3 4 5 6 if 
Dehyd. Borax Rie 14.1 19.1 14.1 8.0 16.1 18.7 
Boric Acid 20.5 4.7 ae 4.7 10.9 2.6 set 
Quartz 45.4 48.7 51, 48.7 45.8 49.6 50.7 
Titania 13.6 14.5 15.5 14.5 13.7 14.8 15.2 
Soda Nitre whch Rave 6 1.0 9.4 13:3 2.9 1.0 
Bot. Nitrate ib Pere airs 6 — ay 6.2 6.3 
Sod. Sil. F. 2.0 Pek 8.3 2.1 2.0 7.8 8.1 
Pot. Sil. F. 6.2 6.6 eee 6.6 6.2 rat os 
Soda Ash 12.4 5.9 ae oS ae ete re 
Potash as atus 4.4 ma es 
% Anatase 53.0 65.0 82.0 100.0 100.0 100.0 100.0 
% Rutile 47.0 35.0 18.0 0.0 0.0 0.0 0.0 


glasses where these oxides were substituted, the 
maximum possible amount of rutile crystallized. 
Another classification of cations can arise from 
the temperature at which transformation from 
anatase to rutile begins to take place (see Table V). 
The temperature at which the anatase to rutile 
transformation was half completed was chosen as 
an arbitrary measure of the effect of the cations 
upon crystallization properties. This effect can be 
used for classification of cations as inhibitors or 
accelerators. The oxides that prevented the trans- 
formation to any degree were SO;, P2O;, As.Os, 
and Al,O;. The temperature used as a basis for 
this classification was 1550° F. or greater for in- 
hibitors, and less than 1475° F. for accelerators. 
The accelerators were PbO, ZrO., ZnO, and V.O;. 
No explanation is offered for the acceleration ac- 
tion. The inhibiting action is explained in the fol- 
lowing manner: since the ions involved are small, 
there is the possibility of solid solution with me- 
chanical or chemical inhibition.°*) The stabiliza- 
tion of the anatase transformation may be 
attributed to the formation of a new crystal, 
namely, a solid solution of Ti02, with P.O;, SOs, or 
As.O;. Another oxide, NO;, may also belong in this 
group. An interesting experiment was performed 
by substituting various nitrate raw materials for 
those with other anionic radicals, such as carbo- 
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Fig. 11, Crystalline Content of a One Coat White Enamel with and without a Prefiring Treatment (from Lynch“) 


nates. It was striking that those batch composi- 
tions (Table VI) using nitrate raw materials 
produced enamels which were predominantly 
anatase-opacified. The oxidizing smelter environ- 
ment in nitrate batches may have also produced a 
separate or contributing effect on the crystalliza- 
tion products. 

The use of this type of crystallization analysis 
has made clear the reason for color stability in 
phosphate-stabilized titania enamels. Since the 
color stability depends entirely upon stability of 
the crystal content of the enamel in amount and 
type, an enamel would generally be color-stable if 
the amount of anatase could be held constant over 
a wide temperature range. The addition of phos- 
phate has accomplished this stabilization (see Figs. 
10a, 10b, and 10c). The effect of the phosphate 
was to increase the amount of precipitated anatase 
and to increase the temperature range over which 
anatase was the stable phase.) 

In addition, this effect was generalized to the 
use of radicals similar to phosphate, which included 
sulfate, nitrate, and arsenate. The similarity of 


these radicals has already been pointed out, and 
based upon Schossberger’s work®* with TiO. and 
SO;, and upon the similarities existing between 
anatase and tridymite, it is suggested that anatase 
is a solid solution of TiO, and any of these radicals. 
The stability of this new crystal is dependent upon 
the saturation of the lattice with these cations, 1.e., 
the crystal is stable to higher temperatures accord- 
ing to which cation is present and the amount of 
this cation. This offers an explanation for the 
stabilization of anatase in porcelain enamels. 


4. Crystallization of One Coat White Enamels 
Directly on Steel 


Titania enamels have been successfully applied 
to sheet steel without the benefit of a ground coat. 
The advantages of such an enamel are economy and 
improvement of physical properties such as thermal 
shock resistance and better strength properties. 
These enamels have not generally been adopted 
throughout the industry, however, because of cer- 
tain common defects. Nevertheless, the crystalliza- 
tion occurring in these enamels is of interest. 
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Several comprehensive studies of formation of 
crystals in the enamel have been made.“* *) Vari- 
ous crystalline compounds were discovered at the 
interface of the enamel and steel.‘**) These in- 
cluded the following: (1) Fe;O,, (2) FeO, 
(3) FeTiO;, (4) anatase, (5) rutile, (6) a Ni-Fe 
alloy, and (7) an unidentified compound. The fol- 
lowing processes“**) were theorized: The compound 
FeO forms during the early stages of firing — then, 
disappears after several minutes. This FeO is 
deemed to be the remainder of the initial oxide 
layer formed during the early stages of firing. It 
soon dissolves in the enamel to react with the 
titania to form FeTi0O;. The fact that anatase 
decreases with time indicates that solution of ana- 


tase takes place to make up for the removal of the 
TiO, from the glass to form FeTiO;. In addition 
to these processes, the normal transformation of 
anatase to rutile takes place. Douglas and Zan- 
der®*® arrived at the following equations: 


FeO (solid) — FeO (dissolved) 
FeO (dissolved) + 
TiO, (dissolved) — FeTiOs (solid) 
TiO, (dissolved) = TiO, (solid-anatase) 
TiO, (dissolved) — TiO: (solid-rutile) 
TiO, (solid-anatase) — TiO, (solid-rutile) 


The distribution of these crystals throughout the 
entire thickness of the enamel is shown in Fig. 
Le) 


Ill. COMPOSITION OF ENAMEL GLASS 


5. Enamel Glass Requirements 


The glass from which titanium dioxide recrystal- 
lizes plays the part of the solvent in a chemical 
precipitation. Under certain temperature condi- 
tions TiO. may separate as a precipitate. As vari- 
ous chemical compounds are soluble in many 
solvents, so titania is soluble in many different 
glasses. The requirements of a successful enamel 
glass for use as recrystallizing titania enamels are 
the following: “® (1) low solubility of opacifier at 
firing temperatures (approximately 1500° F.); 
(2) high solubility of opacifier at smelting temper- 
atures (approximately 2150° F.); and, (3) relative 
sensitivity to firing temperatures as indicated by 
Tamman’s theory of crystallization. In addition 
to these requirements which allow recrystallization, 
there exist others that will provide the enamel with 
the necessary physical and chemical properties. 
These physical properties include gloss, abrasion 
resistance, chemical resistance, and strength. 

Many compositions have been developed which 
meet these requirements. Because of the proprietary 
interests in enamel formulations, only a small num- 
ber of the successful compositions have been pub- 
lished. There are few patents relating to the actual 
composition of titania enamels. The compositions 
that are presented in this report are derived from 
existing patents and from various publications. 

It is difficult to set down rules which provide a 
ready guide to porcelain enamel formulation. Por- 
celain enamels represented by widely different 
compositions have been developed. These composi- 
tions permit proper recrystallization of the titania 
and, in addition, provide the necessary physical 
properties. Certain generalizations can be made as 
to the composition of many titania porcelain enam- 
els in use today. First, however, it is interesting to 
follow briefly the development of early titania 
enamels. 


6. Historical Development of Compositions 


The first porcelain enamels opacified with titania 
were made using TiO, mill additions. Some of these 
porcelain enamels incorporating mill-added TiO, 
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were ZrO, recrystallizing enamels. Others were 
clear enamels using TiO, as a mill-added opacifier. 
Titania was added as a sole opacifier in the mill 
or was added in combination with other opacifying 
agents. Boncke, Dietzel, and Prolow®” used an 
enamel with 70-80% SiO., 12-20% Na.O, and 10- 
20% Al,O; for the base enamel before adding the 
opacifier in the mill. One specific mill addition to 
be used as an opacifier was patented.@* It had an 
approximate molecular formula of TiO.:P.O;- 
3A1,0;. Two to four per cent of this opacifier added 
to a zirconia-opacified enamel composition produced 
a reflectance of 4 to 5% higher than the reflectance 
of the enamel without the opacifier. Another mill- 
added opacifier“®) which utilized TiO, had the 
following composition: 


DbiOpe. ee 1 mole 

CaO. . 85-100 mole per pa 3 5 anten 

(as ae 0-15 mole per cent 

TiOs. . ..2.5-3.5 moles 

POC Dos teat eee 14-12% of the other components 
by weight. 


This opacifier was incorporated at the mill in 
amounts from 2 to 10% and provided a good blue- 
white color. 

Further work on titania enamels showed that 
titania recrystallizing from the glass could effi- 
ciently provide opacity and white color, eliminating 
the use of mill-added opacifiers. Some very simple 


glasses were used. Vargin and Senderovich®® 


showed that a simple sodium silicate glass, where 
the Na,O content was 10 to 15% or 25 to 30%, 
allowed the recrystallization of TiO. if the titania 
content was not less than 20%. Substitution of 
small amounts of B,O;, Al,O;, and ZnO for silica 
or soda increased the opacity and allowed crystal- 
lization with less titania present. 


7. Basic Composition Principles 


Although there are exceptions, porcelain enamel 
compositions that mature in the 1500-1550° F. 
range are generally alkali fluoro-boro-titano-silicate 
glasses. Table VII shows this fact clearly. Several 
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Table VII 
Composition of Various Enamel Frits 
Tinsley 43) Kato Marker (4®) Imoto | Houston(?) V10(48) V11(48) Andrews“2) Kopelman@) Boncke 
Tanaka) Yamaguchi(®) Andrews Wainer Dietzel (37) 
Nagai 
Na2O 6.8 10.28 16.9 8.12 6.0 10.5 10.5 17.0 - ~ 
K20 3.8 10.42 6.7 5.42 0-3.0 3.5 3.5 0.6 ie e a 
B:O3 9.5 13.51 29.4 16.2 13.13 15.0 14.0 Rese 5-11 ses 
SiO2 50.5 53.67 37.9 40.6 53.92 45.0 45.0 31.9 35-55 70-80 
TiO2 10.6 12.25 9-23.4 13.5 15.33 21.0 20.0 19.3 8-14 Mill-added 
AlsOz 6.1 1.36 Seneee ARO 1.0 oe mented 1.0 3-9 ne 
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studies have been made concerning the ratios that 
must exist between these basic elements and the 
effect of other compounds or elements which shall 
be termed “nonessential elements.”’ The use of the 
term “nonessential,” however, does not infer that 
these compounds are not effective in promoting 
optimum crystallization of TiO., but merely that 
this crystallization has been realized without the 
presence of such compounds. 

Friedberg and Petersen“®) made a study of the 
compositions involving six components: Na,O, 
K,0, B.O3, $102, TiOz, and F.. Optimum alkali 
content (Na2O and K.O) was found to be 10 to 
15%. In tests run at various levels of silica and 
boron oxide, greater than 15% alkali produced an 
eggshell finish, poor acid resistance, and lower re- 
flectance. This occurred through greater solubility 
of TiO, and resultant fewer crystals with lower 
reflectance. Less than 10 to 12% of alkali produced 
enamels which would not mature below 1550° F. 

Sogawa and Sakurai®® found that the solubil- 
ity of TiO, increased with increasing alkali content. 
The optimum ratio of Na,O:K.O, as determined 
by measuring flow values, was found to be 3:1 
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Fig. 12. Effect of NazO : K:O Ratio on Flow for Enamel Frits 
(from Friedberg and Petersen“’”) 


(see Fig. 12). Cook and Essenpreis® found this 
ratio to be 2:1. The flow properties and expansion 
coefficient .of the enamel were found to decrease 
with decreased alkali. Higher values of alkali re- 
sulted in yellow discoloration of the enamel. 

The amount of silica was varied from 40 to 
50%; less than 45% resulted in poor acid resistance 
and low gloss. Greater amounts of silica were 
necessarily accompanied by larger amounts of 
alkali to provide enamels which had the optimum 
properties. The optimum silica:alkali ratio was 
found to be approximately 3.0 to 3.5:1.¢” 

Optimum fluorine content was found to be 5% 
(see Fig. 18a). Lesser amounts decreased fluidity, 
reflectance, and percentage anatase. 

A boron oxide content less than 16% appeared 
to be a requirement for good acid resistance. 
Greater amounts of B.Os, in addition to contribut- 
ing to poor acid resistance, also caused excessive 
tearing. Expansion values increased with decreased 
B.O;. The Na,O:B,0; ratio seemed critical, with 
the best ratio, from early compositions (containing 
less than 1% K.O), near 1:2 for Na,O:B.O;. (See 
Fig. 13b.) In later compositional studies,“* the 
optimum total alkali:boron oxide ratio was found 
to be equal to or less than one to one. Sogawa and 
Sakurai®” seemed to concur, indicating an opti- 
mum ratio of Na,O:B,03; of 1:1. 

Titanium dioxide content was varied from 0 to 
20%. The highest reflectance and percentage ana- 
tase occurred when 15% was used (see Fig. 13c). 
Fluidity increased linearly with per cent titania. 
Higher percentages than 20% resulted in matte 
surfaces because of excessive crystallization. Sub- 
stitution of ZrO. for TiO, in any amount resulted 
in decreased reflectance.“?) This phenomenon oc- 
curred because the solubilities of these oxides are 
relatively independent of each other, i.e., small 
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Fig. 13. Compositional Effects on Flow, Reflectance and Per Cent Anatase (from Friedberg and Petersen”) 


additions of ZrO, will not recrystallize unless they 
are greater than the amount of ZrO, soluble in the 
glass by itself. 

The addition of nonessential elements is usually 
made in amounts from a fraction to several per- 
cent. These elements frequently include Li,O, P.O;, 
the alkaline earth oxides, ZnO, Al,O;, and Sb.Os. 
The effect is usually one of slight modification of 
properties and is strongly dependent upon the 
amount added. Small amounts of these elements, 
with particular reference to P.O;, usually improve 
crystallization properties. 

Substitution of one part by weight of lithia for 
potassia provided an increase in reflectance and a 
decrease in fluidity.°” Huppert®® studied mill and 
smelter additions of lithium compounds and their 
effect on firing and smelting time. Added to the 
mill as lithium titanate, lithium zirconate, or lith- 
ium zirconium silicate, the effect of several per 
cent lithia was to reduce the firing temperature of 
Huppert’s enamel from 1560° F. for 214 minutes 
to 1540° F. for 184 minutes. There was little effect 
on reflectance or other properties. These same addi- 


tions to the smelter batch effected a reduction in 
smelting temperature and time of 100° F. and 30 
minutes. These batch additions improved reflect- 
ance by 10% in some cases. Thus, lithia was seen 
to be an important flux. Houston“” found that 
substitution of lithia (0.0 to 3.0%) lowered the 
viscosity and maturing temperature of his enamels. 

Phosphate additions were extremely beneficial 
to both reflectance and color stability. The reasons, 
for this improvement in these qualities have been 
discussed. As with other small additions, the 
amount of phosphate added was critical. Amounts 
larger than 6% increased the maturing temperature 
of the enamel. Amounts less than 1% were found 
to increase the reflectance without decreasing flow 
properties. ©* 55) 

The effect of the alkaline earth oxides and ZnO 
is, in general, one of slightly increasing the re- 
flectance without detracting from the other prop- 
erties. Small additions of 1 to 2% of MgO, CaO, 
and BaO seem to increase reflectance by several 
percent without reducing the fluidity, while large 
amounts increase the maturing and smelting tem- 
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perature of the enamel.©® This increase in re- 
flectance is explained by the studies made of 
crystallization. Evidently the addition of small 
amounts of extraneous components to the glass 
reduces the solubility of the titania. Thus, the 
practice in many cases has been to add 1 or 2% 
of each of these components to the frit to gain 
optimum reflectance without seriously altering the 
flow properties of the enamel. 


8. Choice of Raw Materials 


The choice of raw materials in production of 
commercial and experimental frits has been guided 
by economy and availability, with proper attention 
being paid to physical properties and chemical 
purity, especially when certain impurities impaired 
the qualities of the finished enamel. 

In the early stages of the development of titania 
enamels, only pigment grade TiO,, which had a 
very fine particle size (about 0.2 microns), was 
available. The titania had a tendency to agglom- 
erate in the batch mixing process. This agglomera- 
tion or “balling-up” resulted in large concentrations 
of material which, when smelted, would not easily 
dissolve in the glass. Since the specific gravity of 
TiO, was higher than that of the glass, this mate- 
rial had a tendency to drop to the bottom of the 
smelter and remain as undissolved material. Two 
effects were noted in the fired enamel because of 
this smelting problem. First, since this undissolved 
material was in the form of rutile, crystals of rutile, 
which acted as seeds, remained in the frit. These 
seeds promoted the growth of rutile instead of the 
_ desirable anatase.“® Second, the amount of crystal- 
lization and, consequently, the reflectance were 
lowered because of the reduced amount of dissolved 
titania in the glass. The first attempt to solve this 


problem involved various premixing procedures 
made in an effort to distribute the TiO. particles. 
This was an improvement but still did not solve 
the problem adequately. Finally, the development 
and use of technical grade TiO., which was a 
larger-particled material (about 10 microns), facili- 
tated batch mixing, eliminated the smelter residue 
problem, and brought about the more economical 
production of a more homogeneous frit. 

The crystalline modification of the titania added 
in the smelter batch was found to be inconsequen- 
tial. Titania is believed to dissolve in the glass as 
Ti** ions and as O-- ions with no remnant of crys- 
talline order retained in the glass. Since smelting 
temperatures are above the inversion temperature 
of anatase, any undissolved material would remain 
in the glass as rutile. Thus, if the titania were 
originally in the anatase form, it would not long 
remain in such form during smelting. 

When color stability was found to be a prob- 
lem and a yellow coloration frequently occurred in 
enamels, some attempt was made to correct this 
by adding decolorizers. One of these attempts was 
made by adding the decolorizer to the TiO, crystal 
itself. This is more fully explained when color 
characteristics of titania enamels are discussed. 

Further work carried out in the EUMC pro- 
gram”) yielded information concerning advan- 
tageous forms of the other raw materials. Boric 
acid, because it seemed to reduce reflectance, was 
considered undesirable. The use of anhydrous 
borax was a more desirable way to provide B.Os. 
The most successful way of adding the fluorine 
was through the use of Na.SiF, or K,SiF,. Carbon- 
ate raw materials did not provide as_ high 
reflectance values for the fired enamel as nitrate 
additions. 


IV. PROPERTIES OF TITANIA ENAMELS 


9. Opacity and Reflectance of Titania Enamels 


Opacity refers to the quality of a substance 
which prevents the transmission of light. The place 
of the observer with respect to the incident light is 
an important factor. When opacity of a transmit- 
ting surface is considered and the observer is on 
the transmission side of the substance, opacity is 
a quantitative measure of the amount of light 
energy absorbed. When opacity of a reflecting 
surface is considered and the observer is on the 
reflecting side of the substance, opacity refers to 
a more qualitative property. 

The terms opacity and reflectance are frequently 
used synonymously in the enamel industry. Al- 
though opacity is frequently used in reference to 
the optical characteristics of porcelain enamels, 
there is an essential difference between the more 
general term, opacity, and the very specific term, 
reflectance. Luminous reflectance is defined‘) as 
the ratio of light reflected by any surface to that 
incident on it. Reflectance, the term commonly 
used when referring to porcelain enamels, is de- 
fined as the luminous directional reflectance for 
daylight, relative to MgO, for 45 degree illumina- 
tion and perpendicular viewing. The spectral dis- 
tribution of energy of the illuminant and spectral 
sensitivity of the observing element must be equiv- 
alent to observation in average daylight by the 
human eye. 

Reflectance at some specified wavelength is 
frequently used as a measure of opacity of white 
cover coats. With white enamels, the assumption 
is made that the amount of light reflected over the 
range of the visible spectrum is relatively uniform 
and reflectance is measured in the green wave- 
length band (approximately 500 to 550 my), in 
which region the eye is most sensitive. This pro- 
vides a good approximation of the general over-all 
reflectance of the porcelain enamel. 

a. Origin of Opacity in Titania Enamels 

The opacity and whiteness that is character- 
istic of titania enamels arises as a consequence of 
diffuse reflection, refraction, and scattering of the 
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greater part of the incident white light. The titania 
cover coat is composed of small anatase and/or 
rutile crystals immersed in a glassy matrix. In 
general, these crystals are randomly distributed 
with crystalline faces oriented in all directions. 

The opacity of the coating is developed essen- 
tially through two processes: reflection and scat- 
tering. Reflection of light of all wavelengths from 
the air-crystal interfaces, the air-glass interfaces, 
and the glass-crystal interfaces takes place.®) 
Reflection from the interface between a solid sub- 
stance and a surrounding medium is governed by 
Fresnel’s law: ‘°) 


i Ry (ne = m4)? 
I (nz + m1)? 


where: 
I = intensity of reflected light, 
I, = intensity of incident light, 
m = refractive index of glass matrix, 
nm, = refractive index of crystal. 
That the process of reflection from the glass- 


crystal and the air-crystal interfaces is of primary 
importance in the development of opacity is evi- 
dent when the effect of using various opacifiers 
with different indices of refraction is considered. 
The use of titania in place of antimony oxides or 
zirconia reduced drastically the thickness of coat- 
ing necessary to provide optimum reflectance (see 
Figs). 

Especially important is the process of scattering 
by particles whose lateral dimensions are smaller 
than the incident wavelength of light. The result 
of this process is the propagation of spherical waves 
in all directions. This process is called Rayleigh 
scattering and is similar to diffraction where spher- 
ical wavelets are propagated to points in space not 
directly exposed to the light source. ‘*? 

The intensity of the Rayleigh scattering is found 
to be proportional to the intensity and wavelength 
of the incident light and to the volume of the 
scattering particles. The most interesting effect is 
the relationship between the scattered intensity 
and the wavelength. Short wavelengths are scat- 
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Fig. 14. Intensity of Scattering vs. Wavelength According 
to Rayleigh's Law (from Jenkins and White 
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Fig. 15. Spectrophotometer Curves for Titania, Zirconia, 
and Antimony Enamels (from Patrick”) 


tered more effectively than long wavelengths (see 
_ Fig. 14). 

It should be emphasized that this effect is only 
noticed if the scattering particles are considerably 
smaller in diameter than the incident wavelength. 
The importance of increased intensity of blue scat- 
tered light will be evident when the color proper- 
ties of titania enamels are considered. 


b. Optimum Crystal Size 

Patrick®*”) discussed the optimum particle size 
for maximum opacity. “Rayleigh’s law states that 
intensity of diffuse light increases as the particle 
_ size and the difference between the indices of re- 
fraction of the opacifier and the glassy matrix 
increase. .. . Where particles are large compared 
with the wavelength of light, the opacity increases 
with decreasing particle size.” This interpretation 
was verified when, for a crystal-matrix system 
where the opacity was plotted against particle size, 
a definite maximum resulted. Experimentally, this 
maximum was found to occur at 0.44. For visible 
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Fig. 16. Average Enamel Thickness of Enameled Utensils, 
1941-1955 


light this meant that the optimum particle size 
was 0.25 microns (2500 A.U.). 

A perfectly opaque white surface should reflect 
100% of the incident lght over the entire spec- 
trum. This characteristic of reflection over the 
visible spectrum can be measured with a spectro- 
photometer. Typical spectral curves of light re- 
flected over a range of 400-700 my» illustrate in 
Fig. 15 the analysis of the characteristic color of 
various white enamels. In this instance, the light 
reflected is compared to that reflected from a 
sample of pure MgO. 

c. Advantages of Using Titanium Dioxide as an 

Opacifier 

The intensity of the reflected light from an 
opaque surface has been shown to be proportional 
to the difference in index of refraction between the 
reflecting crystal and the surrounding medium. 
Since it has been shown that titania has the high- 
est index of refraction of any known opacifier, 
titania gives the maximum amount of hiding 
power or opacity for any given thickness of coat- 
ing. Thus, the use of titania with its high index of 
refraction permits a great reduction in thickness 
and a consequent economy of the porcelain enamel 
coating. The changes in average enamel thickness 
of two-coat and three-coat enameled utensils over 
the period of 1941-1955 are indicated in Fig. 16. 
This data reflects the change from antimony- 
opacified enamels to titania-opacified enamels. In 
addition, the application weight of various enamels 
that was necessary to provide a certain minimum 
reflectance is shown in Fig. 17. 
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Fig. 17. Reflectance vs. Application Weight for Titania, Zirconia, 
and Antimony Enamels (from Patrick “’°’) 


d. Color. Characteristics of White Opaque 
Enamels 

White enamels seldom have a pure white color. 
This means they do not reflect equally all wave- 
lengths of light over the visible spectrum. Con- 
struction of a spectrophotometric curve or plot for 
a typical white enamel (see Fig. 18) shows this fact 
to be evident. There is a characteristic tint asso- 
ciated with enamels, frequently spoken of as blue- 
white, green-white, or cream-white. The reflected 
wavelength curve higher in the red or yellow part 
of the spectrum is characteristic of cream-white 
enamels, while a curve higher in the blue part of 
the spectrum is characteristic of blue-white enamels. 

Deviation from a pure white color is character- 
istic of white finishes such as paints and porcelain 
enamels. This has been particularly true for titania 
enamels. By itself this is not a detrimental prop- 
erty. Titania enamels, however, have been subject 
to a radical change in dominant wavelength which 
has accompanied certain changes in firing condi- 
tions and the introduction of various impurities. 
The study of this color change and other discolora- 
tions has occupied a large portion of the research 
efforts on titania enamels. Before this work is 
considered, however, it seems best to review briefly 
the sources of color in glasses and enamels. 


10. Color Properties 


a. Origin of Color in Compounds and Glass‘®) 
Color in inorganic compounds accompanies the 
presence of certain ions — usually those of the 
transition elements. The origin of the color is 
closely associated with an unbalanced or unsatu- 
rated field of force surrounding an ion. According 
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Fig. 18. Spectrophotometer Curves on Titania Enamels Containing 
Fe2O;, CreO3, and V:Os, and a Typical White Porcelain Enamel 


to Biltz® “complete saturation of the chemical or 
electrical valency, as well as strong binding forces, 
favors light transmission. Unsaturated valencies or 
weak bonds favor the absorption of light and 
deepen the color. The extremes of both types are 
the alkali salts on the one side and the inter- 
metallic compounds on the other.” 

Color in glass arises from the presence of these 
coloring ions. The color that results depends upon 
the nature of the ion and its surrounding environ- 
ment. Weyl) postulates the presence of chromo- 
phores or literally — “color bearers.” Chromo- 
phores consist of one coloring ion or combinations 
of one or more coloring ions. When one ion is re- 
sponsible for color, it may act in several ways. It 
may replace an alkali ion as a network modifier 
and assume a position in the interstices of the 
Si0,* lattice. It may replace a silicon atom and 
assume the role of a network former. It may also 
replace an oxygen ion. The first two phenomena 
are responsible for the color of most glasses. 

Chromophore groups which consist of two color- 
ing ions are possible. These groups are made up of 
various combinations of anions, network modifiers, 
and network formers. Two examples are cited. 
Neither Cd*? nor 8? alone in a glass cause visible 
absorption, but when a Cd-S bond is formed, a 
chromophore results. In this case the Cd* ions 
assume a network modifier position. 
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Formation of chromophore groups consisting of 
two anions is exemplified by the chain-forming 
action of sulfur atoms in glass. Disulfide glasses 
form with a resultant amber color when sulfur 
molecules link together in absence of ions of heavy 
metals. 

Chromophore groups consisting of three ions are 
also known. Polysulfides and polyselenides are ex- 
amples of this group. 

b. Discolorations in Enamels 

Discolorations or departures from a pure white 
color, as mentioned before, have plagued the titania 
enamel, and during the first few years of develop- 
ment were a primary criticism of the new enamel. 

Vondracek™ in 1909 suggested that the yellow 
color of his enamels was due to iron impurities. 
Dietzel and Boncke” assumed that the yellow 
discoloration which appeared upon refiring or firing 
at higher temperatures was caused by an FeO-TiO, 
complex. Beyersdorfer“® concurred in this state- 
ment. 

Tickle®®) found that iron when present in the 
mill batch did not discolor the enamel, but when 
added to the smelter, caused a very definite dis- 
coloration. Vondracek™ suggested that Cr.O; was 
a possible discolorant. Friedberg, Petersen, and 
Andrews®® disclosed that CrsO; was the primary 
discolorant and frequently was introduced by way 
of the TiO. raw material. They also studied the 
effect of composition on color with respect to the 
major components of the enamel glass. High BO; 
content seemed to favor a blue-white color, while 
low B,O; caused a cream-white color. Millar‘®) 
stated that increasing the silica or alumina con- 
tent favored a blue-white color. Many other inves- 
tigators found similar conclusions concerning the 
cause of the yellow discolorations and, in addition, 
worked on small decolorizing additions. 

Sogawa and Sakurai‘ found that Cr, V, Fe, 
and Mn changed the color of titania opacified 
enamels to cream, brown, yellow, and yellow, re- 
spectively. They also stated that additions of Al, 
_ Mg, and Zn changed the color of a blue-white 
enamel to yellow-white. However, Friedberg, Peter- 
sen, and Andrews®® found that high ZnO or MgO 
contents favored a blue-white color. Patrick?’ 
found that 1% Sb.O; increased the amount of blue 
but decreased the reflectance. The same effect was 
noted for molybdate additions.“ Russell» 
studied the effect of 11 metallic and intermetallic 
coloring agents (see Table VII). 


e. Origin of Discolorations in Enamels 

Consideration of color in a titania enamel leads 
to three chief sources. It is repeated that the 
enamel is composed of discrete crystals of TiO, 
dispersed throughout a glassy matrix. The first ob- 
vious source is the glassy matrix itself. The second 
source is the color of the TiO, crystals. Finally, the 
effect of Rayleigh scattering is important when the 
crystals possess the proper particle size. Other 
sources of color will be considered negligible, since 
most significant color changes may be explained on 
the basis of these three sources. 

Color in the glassy matrix may be explained by 
Weyl’s theory of chromophores. Absorption bands 
can be caused by single ions or by groups of ions 
as discussed earlier. This source may be used to 
explain certain color defects in the early titania 
enamels. 

Tickle?” determined the effect of various 
amounts of Fe,O; both in the mill and in the batch. 
Ferric oxide added to the mill, in amounts of 0.25% 
to 1.0%, did not cause a yellow color but increased 
the reflectance slightly. Ferric oxide added to the 
frit, in amounts of 0.1 to 1.0%, produced a definite 
yellow discoloration. Tickle explained the phenom- 
enon according to Weyl’s theory of the effect of a 
single coloring ion. In regard to the Fe,O; mill 
addition, he postulated that the iron remained as 
a network modifier, in which case the ferric ion, 
with its co-ordination number of 6, is colorless. He 
proposed that when Fe.O; was included in the frit, 
the ferric ion entered into the silica tetrahedron 
with a co-ordination number of 4 as FeO,-°, thereby 
becoming a network former with its consequent 
absorption in the ultraviolet. Friedberg, Petersen, 
and Andrews“® also studied the effect of the Fe.O; 
on color. They found no significant color change 
with additions to the frit in amounts of 0.05 to 
0.20%. 

The same authors studied the effect of Cr,O; on 
the color of titania enamels. The effect was very 
marked and was considered responsible for the 
objectionable yellow color which beset early enam- 
els. Even amounts of 0.05% Cr.O; produced a 
large absorption in the blue end of the spectrum 
(see Fig. 18). Further studies showed that certain 
types of TiO, raw materials which contained Cr.O; 
in amounts of 0.05% produced enamels with the 
characteristic absorption in the blue. Colored 
glasses containing chromium exhibited the same 
color; hexavalent chromium produced a_ strong 
absorption in the ultraviolet region of the spectrum. 
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Fig. 19. Spectrophotometric Properties of Anatase and Rutile 


High alkali content favored the formation of the 
hexavalent state of chromium and deepened the 
absorption band. Relatively high B.O; content, 
which normally exists in titania enamels, also 
deepened the color caused by Cr.Os. 

The second source of color in the enamel is the 
crystalline TiO.. Spectrophotometric properties of 
anatase and rutile modifications have been deter- 
mined (see Fig. 19). It will be noted that anatase 
is generally higher in reflectance in the ultraviolet 
region. This fact has been correlated with observed 


color characteristics of enamels, since rutile enam- 
els are generally associated with an absorption 
band in the ultraviolet region. The partial reduc- 
tion of TiO, has been used to correct for this 
absorption in the ultraviolet. Additions of 0.1% 
of Cb**, W*s, or Ta*® have been used in enamel 
compositions and, when entering into the rutile 
structure, are said to change the valence state of 
some Ti‘ ions to Ti** ions.) Weyl and Forland‘ 
hypothesized that small amounts of Cb*®, Sb*®, Ta**, 
or W** could enter the rutile lattice. When one 
Ti** ion was replaced, another Ti** was reduced to 
the trivalent state. The trivalent titanium ions are - 
strongly polarized ions causing absorption of light 
in the long wavelength part of the spectrum. 
Finally, the third source of color is caused by 
Rayleigh scattering. King and Andrews®® found 
that the blue color of certain enamels opacified 
with ZrO. was caused by Rayleigh scattering. 
Friedberg et al., 7 Patrick,@*» and others noted 
that anatase crystals were small crystals whose size 
was 0.10 to 0.30 microns. This size range was the 
optimum for Rayleigh scattering of blue light. 
They noted that, as firing temperature and time 
increased, the blue-white color gave way gradually 
to a yellow-white color, and this change in color 


‘accompanied the transformation from anatase 


crystals to larger rutile crystals. The shift from 
blue-white to yellow-white was therefore attributed 
to a decrease in the intensity of Rayleigh scatter- 
ing. 

It seems reasonable to say that all three of 
these sources contribute to the color of the enamel. 
However, it is not possible to say, except in very 
definite cases, what the relative contribution of 
each is. For instance, when the color of an enamel 
is definitely a strong yellow and the Cr*® is pres- 
ent, the source of the color is probably the single 
ion, Cr*®. But when a slight yellow or blue tint 
is present in the enamel, it becomes difficult to say 
whether the color arises from the color of the 
titania crystals or from the color of the glass. The 
blue color from the Rayleigh effect, when present, 
is more obvious because the erystal size can be 
measured directly. 

This shift from a blue-white color to a yellow- 
white color is what has been termed the color 
instability of titania enamels. Friedberg et al.,@™ 
noting the loss of the Rayleigh scattering effect, 
have thus attributed the yellow color which results 
from inversion to the inherent color of the enamel 
glass. It is interesting to theorize on the source of 
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this yellow color which exists in the enamel after 
the inversion of anatase to rutile. 

The idea of anatase being a solid solution with 
sulfur trioxide was introduced by Schossberger.* 
This idea was extended by Shannon®* to include 
the possibility of other compounds entering into 
solid solution. These compounds were P,O;, N2O;, 
and As.O;. Anatase was compared to tridymite and 
“B” alumina. The presence of SO; (hexavalent 
sulfur ions) in glasses as an impurity from the raw 
materials was shown by Weyl, Rindone, and 
Marboe.“) In addition, Cole and Sullivan’?® 
- showed that SO; in amounts up to 9% could be 
_ present in the titania raw materials before calcina- 
tion. 

Schossberger®*) theorized that as anatase trans- 
forms to rutile any SO; present in the solid 
solution was lost gradually until, after the trans- 
formation was completed, there remained a com- 
pact rutile structure free of SO;. According to 
Hedvall’s principle, compounds undergoing a poly- 
morphic inversion are in a highly reactive state. 
This indicates that the TiO, and SO; could react 
easily to form new compounds. 

Weyl® has ascribed the color of amber glass 
to the formation of long chain alkali polysulfides. 
He has shown that normal sulfate impurities in 
certain raw materials provide enough sulfur for the 
polysulfides to form. The color was deepened by 
presence of increased alkali content. 

The basis for the explanation of the yellow dis- 
coloration of titania enamels, as firing temperature 
is increased and as anatase crystals transform to 
rutile, has been given. Now the process as it may 
oecur is presented: 

(a.) Enamels whose crystals are essentially 
anatase appear blue-white because of two factors: 
(1) Rayleigh scattering increases the amount of 
blue light scattered. (2) Recrystallizmg TiO. at 
low temperatures in the presence of SO; has an 
affinity for any of this oxide present in the glass 
and combines chemically and physically with the 
SO; to form the solid solution anatase. Thus, any 

SO; in the glass is prevented from forming poly- 
sulfides with the alkali ions present, thereby pre- 
venting the yellow discoloration associated with 
such compounds. 

(b). Stabilized anatase enamels are generally 
color stable. Enamels that are not color stable 
undergo a change in crystalline content upon an 
increase in firing temperature. Such an increase 


causes yellowing of the enamel and an increase in 
rutile at the expense of anatase. 


As the anatase transforms to rutile, it expels 
the SO; which was present in its lattice. The Hed- 
vall principle states that the SO; should be in a 
very reactive state. This SOs, therefore, can react 
with alkali ions in the enamel glass to form alkali 
polysulfides as in carbon amber glass. The alkali 
content of most enamels is generally high, so that 
there are certainly sufficient alkali ions for the 
sulfur to react with. As anatase further transforms 
to rutile, the entire amount of SO; previously pres- 
ent in the anatase is free to react with the alkali 
ions to form the polysulfides which are responsible 
for the yellow discoloration. Thus, the yellow color 
deepens as firing temperature and time are in- 
creased. The color present is not nearly so deep 
as that of the amber glass due to the great light 
diffusion power of the rutile crystals. 

In light of the history of the development of 
titania enamels, it seems safe to say that the pri- 
mary defect of such enamels has been their un- 
certain color properties. The development effort 
on these enamels, therefore, has been directed 
toward the solution of these problems. 

d. Solution of Discoloration Problems 

After discovering the cause of the yellow dis- 
coloration which first appeared, the solution was 
fairly obvious. The cause of the initial yellowing 
effect was evidently the presence of Cr,O;. The 
solution to this problem was simply to remove this 
source of the Cr.O; through the use of pure raw 
materials. Titania enamels are formulated using 
rarely anything but manufactured chemicals. 

Even with manufactured chemicals and con- 
trolled processing, the yellowing associated with 
the inversion of anatase to rutile still occurred. 
The cause of this discoloration was never satis- 
factorily determined. Consequently, the solution 
to the problem could not be that of removing the 
source of the color. Since the discoloration involved 
the inversion of anatase to rutile, one solution to 
the problem was to prevent the inversion or sta- 
bilize the anatase form. In addition, the problem 
involved the existence of a strong absorption band 
in the ultraviolet region; thus, it seemed logical 
to introduce into the frit some coloring ion which 
would increase the reflected blue component. 

The blue component was introduced by addition 
of a coloring agent to the frit. The mechanism 
involved is not clear, but two possibilities exist. 
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Table VIII 


Effect of Metallic Oxide Additions on the Color, Color Stability 
and Reflectance of a Titania Enamel (from Russell)? 


Additions Properties of Enamel 

1. Se, W Increased reflectance; changed color from cream-white to 
green-white or blue-white; resulted in good reflectance 
stability and color stability. 

2. Sb, Sn, Au Did not increase reflectance but resulted in blue-white 
color or green-white color; provided reflectance stability. 

3. As, Cb Improved the reflectance; provided good blue-white or 
green-white color; gave poor reflectance stability. 

4. Ta, Mo Increased the reflectance; poor color and reflectance 


stability resulted. 


Ce, Co, Mn CeO and MnO increased pinkish cast; decreased the 
reflectance. CoO decreased reflectance; caused irregu- 
larities in the color curves. 


or 


The first involves a direct coloration from a single 
ion. The elements frequently used have been tung- 
sten, columbium, molybdenum, antimony, and 
tantalum. 

The second possible mechanism is the reduction 
of the Ti‘* ion through the presence of these pen- 
tavalent and: hexavalent cations. The mechanism 
has already been described. 

In a study of coloring agents made by Rus- 
sell,“?) 0.1% of 11 different metallic oxides were 
introduced into the frit, and the color change and 
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Fig. 20. Color Stability of a Titania Enamel with and without 
the Addition of .1% Selenium 


/00 


90 


Feflectance in per cent 


400 450 500 550 600 650 700 
Wave length in millimicrons 


Fig. 21. Effect of Molybdate Additions on Color Properties 
of a Titania Enamel 


color stability were determined. The effect of these 
ions is summarized in Table VIII. The graphical 
change in color and color stability may be seen for 
the base enamel and base enamel plus additions of 
Se in Figs. 20a and 20b. 

Friedberg and Petersen” studied the effect of 
molybdie oxide on the color properties of an enamel. 
The oxide was added in the form of insoluble 
molybdates to the mill and as molybdie oxide to 
the frit batch. Additions were made in the amounts 
from 0.10% to 1.0%. The results are shown in Fig. 
21. In the amounts over 0.10%, the reflectance was 
lowered considerably. However, in amounts as low 
as 0.10%, MoO; could be used as an effective de- 
colorizer. 

It is difficult to evaluate these methods of elim- 
inating the color inconsistencies in titania enamels. 
All of them have been used to some extent and 
frequently in combinations. The titania used for 
raw material generally has the decolorizing ions 
Cb**, W**, and Ta*® included in some form. At the 
same time, the impurities which might result in 
color, Cr.O; and Fe.O;, have been kept to an ab- 
solute minimum. Finally, P.O; is frequently used 
to stabilize the anatase structure. With these three 
measures the yellow color has been kept to a mini- 
mum. However, it still remains impossible to pre- 
vent a yellow color from appearing if the firing 
temperature reaches the inversion point of anatase. 
If the theory involving the formation of alkali 
polysulfides be accepted, then the only solution to 
the problem is purification of the raw materials 
beyond practical means — to the point where the 
sulfur content of the enamel is negligible. 
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11. Chemical Properties 


The resistance of titania enamel to attack by 
the corrosive agents it encounters in service repre- 
sents one of its most important commercial prop- 
erties. In the case of all porcelain enamels, chemical 
durability is related to the ability to withstand the 
action of corrosive agents without a change in 
surface appearance or functional properties. 


a. Evaluation of Chemical Properties 

The evaluation of a chemical property requires 
a test to measure quantitatively the extent of a 
chemical or related physical change. The value of 
the test often resides in its ability to evaluate that 
property and that property only. A test which 
evaluates a combination of several properties is of 
little value unless the combination of these prop- 
erties determines its reaction to a particular 
environment. 

The specific quality of tests must be emphasized. 
A test which measures the reaction of a chemical 
substance to some specific agent will not neces- 
sarily measure the reaction to another specific 
substance. It is precisely this lack of specificity in 
test conditions which has invalidated the usefulness 
of much of the chemical resistance data which 
exists in the enameling industry today. In many 
eases a slight change in test conditions, even 
though the reacting substances are the same, causes 
inconsistent results when two investigators try to 
compare and evaluate the reaction of their partic- 
ular substances to various agents. 

Commercial test methods differ from research 
methods primarily in their ability to distinguish 
small differences in a chemical property. Spencer- 
Strong lists three primary qualifications for an 
industrial test method: (1) the test method must 
measure the property desired; (2) the precision of 
the method must be sufficient to allow reproduction 
of values in one laboratory and comparison of 
values from one laboratory to the next; and, (3) the 
test must be as simple and as rapid as possible. In 
general, fulfillment of the last requirement means 
a sacrifice in the precision of the method to the 
» extent that tests used in industry are seldom the 
same as those used in research. 

The chemical properties of enamels, with regard 
to their resistance to chemical agents which are 
commonly encountered in their everyday use, have 
been investigated by many researchers. These 
agents are acids, alkalies, water, steam, and 
weathering elements. The specific action of these 


reagents on the enamel surface has not yet been 
fully determined. 


b. General Theory of Chemical Attack 

The glass at the surface is thought to be a ran- 
dom structure of silica with alkaline earth and 
boron atoms, either replacing silica or fitting in 
the holes in the structure. When the enamel sur- 
face is subjected to acid or alkali, some of these 
soluble components, the alkali or boron atoms, are 
progressively leached out. Such an action leaves 
a silica-rich layer in the form of amorphous silica. 
Under severe conditions this layer has been ob- 
served upon drying to shrink and pull apart, caus- 
ing cracks. ‘®?) 

The role of surface defects has been mentioned 
by Cook and Andrews.‘?) In this case, minute 
cracks or opened bubble structure may accelerate 
the solution action of the corrosive agent. 

The amorphous silica layer has been the basis 
for one of the tests developed. When white light 
is allowed to strike this thin layer, interference 
effects are noted as iridescence, which is a sign 
of the first stage of attack, and is followed by loss 
of gloss. A quantitative relationship between the 
color effects produced and the thickness of the 
reaction layer has been determined. ‘*) 

c. Chemical Resistance of Titania Enamels 

Enamel literature has little information con- 
cerning the chemical resistance of enamels and, 
specifically, titania enamels. Because tests used 
were not always standard, a comparison of values 
in most cases is impractical. However, certain 
general statements concerning the acid resistance of 
titania enamel and its relation to composition have 
been made by various investigators. 

Sheen and Turner‘) found in 1924 that the use 
of TiO. in soda-titania-silica glasses was beneficial 
in improving resistance to dilute alkali and water 
attack. Niklewski®®? worked with an enamel of 
the following composition: 


1) AS or ee Tee 50% 
DUO Pre bata Me! awaits Biot 9% 
EN Bis Oder as ean ge eae 20% 
B2Os. . Bes, 
FS Ver ahr Oe ea As 15% 
He, (ee enh. ater ioe. 


The effect of substituting titania for silica may be 
seen in Fig. 22. In this case, substitutions up to 
10% TiO. decreased the leaching losses with a 
20% HCl solution. 
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Fig. 22. Effect of Replacing SiOz by TiOz on Acid Resistance 
of a Soda-Titania-Silica Glass (from Niklewski“””) 


Goetchius“*) and Patrick and Spencer-Strong,¢° 
soon after the general commercial acceptance of 
titania enamels, stated that titania enamels had 
excellent resistance to boiling citric acid. They 
classed the enamels as class B to class AA, with 
most of them being class A as determined by PEI* 
standards. °® 

Recently, Vargin‘8”) summarized the chemical 
resistance of enamels as follows: acid resistance 
depends primarily on the amount of $10, and alkali 
metals present; oxides of Zr and Ti increase the 
stability to acid attack; enamels and glass are 
more readily attacked by alkali than acid, since 
there is no protective coating of SiO, formed. He 
found that the stability of enamels toward alkalies 
was greatest when ZrO was the third component, 
followed by CaO, MgO, and ZnO; and that oxides 
of Ba, Pb, and Ti increased alkali attack. 

He found that in water, enamels tended to be 
leached, with the alkali metals going into solution 
and leaving a thin layer of silica. Metals with a 
valence of 3 or 4 were superior in increasing the 
resistance to water attack. In amounts of 10 to 
12%, boron anhydride in the enamel reduced leach- 
ing. Water attack was increased with increasing 
temperature. 

Tinsley” noted that the resistance of enamels 
to corrosive chemicals could be improved through 
the substitution of silica for alkali and fluorine, 
but at the expense of workability of the enamel and 
a decreased coefficient of expansion. The effect of 
substitutions of TiO, for silica provided an increase 
in acid resistance and mobility. Tinsley established 

* Porcelain Enamel Institute, 


Associations Building, 
Washington 6, D.C. 


some rules to be observed in formulating an enamel 
with good acid resistance: 
1. Combined alkali less than 20% 
2. Silica minimum 45 to 50% 
3. Titania content 8 to 10% 
4. B.O; content less than 10% 
5. Remaining 10 to 17% of the composition to 
be made up of small amounts of F., CaO, 
ZnO with F, less than 3% 


He noted that enamels designed for tanks in which 
corrosive liquids were to be used had 65 to 70% 
silica but that this had later been lessened with — 
substitutions of TiQs. 


d. Test Methods 

There are three general methods of evaluating 
the action of corrosive agents on enameled speci- 
mens: §§) (1) the direct determination of the 
amount of material going into solution by measur- 
ing either the weight loss of the specimen or the 
chemical composition of the new _ solution; 
(2) change in appearance of the surface after at- 
tack (loss of gloss); and, (3) interferometric meas- 
urement of the thickness of the thin silica layer at 
the surface. 

The first method has had two variations: In 
the first, the loss in weight has been determined 
when enamel grains were subjected to various 
agents for known periods of time. A major criti- 
cism was that in this case the acid attack was pro- 
portional to the surface area and not the weight of 
the frit. The other method which has been accepted 
as satisfactory was to expose a weighed enamel 
test piece to acid or alkali of the desired concentra- 
tion for a specified amount of time and to deter- 
mine the resultant loss in weight. Cook and 
Andrews‘*?) determined the resistance of various 
enamels to a number of organic and inorganic acids 
for various periods of time. They found that acid 
attack increased as the concentration of the acid 
increased up to 20%, and then decreased rapidly 
when 60% and concentrated acids were used. 

The present ASTM test‘) for acid resistance 
consists of subjecting an enameled specimen to a 
solution of boiling 6% citric acid for 21% hours 
and determining the loss in weight that the speci- 
men undergoes. The work of the EUMC indicated 
that this test correlated best with service tests of 
enameled ware. 

Alkali resistance®®) was not considered impor- 
tant for many years. With the introduction of 
automatic home appliances that were subject to 
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Table IX 
Acid Resistance of Various Enamels 


Weight Loss in Grams/in.? after Various Treatments 
(from B. W. King‘>) 


Enamels 21% hours in 18 hours at 
boiling 10% 180° F. in 
citric acid 7% Na2O 
Ti Enamel .0015 .083 
Acid Resist. Enamel -0008 -036 
Other Commercial Types -0030-.0034 -084-.192 
Table X 


Resistance of Enamels to Various Boiling Solutions 


Weight-Loss in gms./sq. in. (24% hrs. — Test Time) 
6%, 6% . 6%, 6% 6% [ 

Citric Tartaric Oxalic NasP207; All tilled 

Acid Acid Acid 10H:20 


Titanium A .0002 .0003 -0008 .0025 nil .0002 
’ Titanium B .0002 .0004 .0010 .0015 nil nil 
_ Titanium Cc .0004 -0005 -0012 .0016 nil nil 
Titanium D -0005 .0007 .0013 .0014 nil nil 
- Titanium E -0008 0011 .0024. 0011 nil nil 
Titanium, F .0009 .0014 .0036 .0015 nil nil 
Colored Ti G -0002 -0004 .0008 .0015 nil nil 
Colored Ti H -0003 .0004 .0009 .0015 nil nil 
Colored 
Antimony I | .0013 -0013 -0051 -0029 nil -0001 
Blue Spk. J .0088 .0114 .0492 .0015 nil nil 
Grey Spk. Kk -0181 -0206 A444 .0034 nil .0001 
Ground Coat L .0302 .0305 .0577 .0026 nil .0001 


the action of detergents and other cleaning agents 
which contained alkaline solutions, information 
concerning alkali resistance became valuable. For 
several years the PEI has been working on a stand- 
ard test for alkali resistance. 

Weather resistance has been studied by the 
National Bureau of Standards and test methods 
were evolved to specify architectural properties.” 
Resistance to hot water has recently become im- 
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‘Fig. 23. Acid and Alkali Resistance of Some Different Enamels 
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Fig. 24. Changes in Acid Resistance of Enameled Utensils 
from 1941-1955 (Boiling Citric Acid Test) 


portant, and the PEI is presently working on a 
test to measure this property. 


e. Data 

As mentioned earlier, there has been little data 
published which would allow one to compare enam- 
els and, in particular, titania enamels to other 
types. King” published data (Table IX) in 1948 
which compared super-opaque titania enamels to 
commercial enamels and special acid-resisting 
enamels. The EUMC published some data on the 
resistance of titania and other enamels to various 
acids®” (see Fig. 23 and Table X). 

Data were obtained by the EUMC on the acid 
resistance of various commercial enamels during 
the period from 1941 to 1955.°) This data, shown 
in Fig. 24, indicates that the great improvement in 
acid resistance which occurred about 1946 is coin- 
cident with the general usage of titania enamels. 
These results were obtained using the boiling citric 
acid test. 


12. Strength Properties 


a. Bending and Torsional Strength 

Failure of enameled products through handling 
occurs frequently in torsion or bending.“® Thus, 
tests to determine bending strength and torsional 
strength have been devised for enameled specimens. 
An important factor contributing to bending 
strength, according to several investigators,” is 
the compression present in the enamel coating. 
This property has been measured by several dif- 
ferent tests, including the warpage tests. Warpage 
tests consist of determining the amount of bowing 
that a flat steel sample undergoes when an enamel 
is applied. The amount of bowing is a direct meas- 
ure of the amount of compression in the enamel. 
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Fig. 25. Effect of Enamel Expansion Properties on Load-Deflection 
Characteristics of Coated Steel (from Bryant‘) 


The difference in thermal expansion properties 
of the enamel and steel is a major factor in the 
amount of compression present in the composite. 
Before a glass coating can fracture, the compression 
in the enamel must be overcome and the enamel 
subsequently put in tension. In tension, the enamel 
is weak and will fail. It is understandable then 
that an enamel originally in compression will with- 
stand a greater load. Gautsch®*») showed that this 
compression and, ultimately, the cross bending 
strength, was inversely proportional to the coeffi- 
cient of thermal expansion of the enamel. The 
effect of coefficient of expansion on load deflection 
properties of enameled specimens was determined 
by Bryant®® (see Fig. 25). 

However, thermal expansion alone could not 
account for all the compression present. Bryant 
and Ammon'® theorized that many factors entered 
into this property. These included incomplete fu- 
sion of the enamel, formation of different crystal- 
line phases, inhomogeneous surface layers, tempera- 
ture differentials between the iron and enamel, 
strength of the iron base, density of the frit, and 
the thickness of the enamel coating. The fact that 
thermal expansion alone could not explain the 
compression data was amply illustrated by Bryant 
and Ammon.‘®®) When they tested three enamels 


with different thermal expansions, the thermal ex- 
pansion data did not coincide with the data from 
the compression tests. 

Lochridge and Miller“ compared warpage, 
cross-bend, torsion, and expansiometer ring tests 
performed on a wide variety of titania enamels 
with varying coefficients of expansion. A good 
correlation was found between warpage values and 
cross-bend strength, with one being directly pro- 
portional to the other. Also, cross-bend strength 
was found to decrease with coating thickness. Tor- 
sion strength was found to decrease with thickness 
of coating, but did not correlate with the other - 
tests. 

In a study of warpage and cross-bend tests on 
various enamels by Goetchius and Bryant,°™ 
titania enamels were shown to have high bending 
strength. The other enamels used were antimony, 
clear glass, zirconia, and cast iron enamels (see 
Fig. 26). 

These titania enamels were found to have high 
compression values. The conclusion should not be 
drawn that the titania is responsible for this high 
value of compression but that the composition 
necessary to precipitate the titania is such as to 
induce high compression values. 


b. Abrasion Resistance 

Other strength properties of enamels include 
abrasion resistance, impact resistance, and thermal 
shock resistance. A large amount of the work done 
on standard tests for these properties and factors 
which affect these properties was conducted by the 
EUMC. Both impact resistance and thermal shock 
resistance have been shown to be related to the 
bending strength of the enamel,“°”) while abrasion 
resistance has been shown to be primarily a surface 
property. Mechanical wear includes surface abra- 
sion and crushing of the subsurface material, but 
consideration is given here only to surface abrasion. 
A discussion of surface abrasion resistance requires 
consideration of the nature of the glassy coating. A 
bubble structure is generally present which may be 
formed by many small bubbles or by a lesser con- 
centration of larger ones. These bubbles may be 
evenly distributed or concentrated at certain levels 
in the coating. The coating may, as in the titania 
opacified enamels, have discrete crystals of greater 
hardness than the glass itself. These factors are 
important when the surface is abraded. 

Petersen“) stated that bubble structure was 
not important in determining the abrasion resist- 
ance at the surface since bubbles were usually fined 
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Fig. 26. Warpage and Crossbending Strengths for Various Enamels 
(from Goetchius and Bryant‘) 


out at the surface. However, under certain condi- 
tions in which bubbles were present at the surface, 
the bubble structure was significant. Once the sur- 
face layer was abraded away, the bubble structure 
was found to be a most important factor in de- 
termining the abrasion resistance of the enamel. 

Two commonly used tests for measuring abra- 
sion resistance have been the Taber abrasion 
test») and the PEI abrasion test.“ The prin- 
ciple of the Taber abraser is the abrasion of an 
enameled panel by the action of two rubber- 
bonded abrasive wheels revolving on the surface 
of the specimen. The results are obtained from loss 
in weight measurements. 

The abrasion in the PEI test results from the 
action of alloy ball bearings and feldspar abrasive 
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Fig. 27. Changes in Abrasion Resistance of Enameled Utensils 
(1946-1953) 


on an oscillating flat enameled specimen. The meas- 
urement of the extent of abrasion is made by de- 
termining the loss of specular gloss of the specimen. 

Using these tests, Petersen?) abraded various 
enamels in an attempt to determine the significant 
factors. He found the resistance of the surface 
layer to depend upon the hardness of the enamel 
glass and the presence or absence of bubble struc- 
ture at the surface. The presence of the crystalline 
phase did not seem to affect the abrasion resistance 
of the coating. 

In a study made by the EUMC, the abrasion 
resistance of the following types of enamels was 
determined: fluoride, antimony, zirconia, and 
titania, including both acid resistant and non-acid 
resistant types, for each of these except zirconia. 
The zirconia enamel was rapidly attacked; the two- 
antimony enamels and the fluoride acid resistant 
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Fig. 28. Effect of Enamel Thickness on Thermal Shock Resistance 
(from Petersen and Andrews’) 


enamels were superior. Figure 27 shows graphically 
the consequence of the introduction of titania 
enamels into industrial use. The large increase in 
abrasion resistance of two and three coat enameled 
utensils is primarily the result of the use of titania 
enamels. 

c. Impact Resistance 

Impact resistance of an enamel refers to its 
ability to withstand sudden blows without failure, 
which in most cases is chipping. The existence 
and extent of this failure depends on the force ap- 
plied and certain properties of the enamel-metal 
composite. Consideration will be given here to the 
characteristics of the composite. 

The resistance of an enamel to chipping lies in 
its ability to dissipate the energy of the sudden 
force without fracture of the glassy coating. Since 
the enamel-metal composite is generally a rigid 
body, most of the energy must dissipate itself in 
creating stresses rather than deformation. 

The factors which influence the impact resist- 
ance of porcelain enamels have been listed as fol- 
lows:“°) (1) modulus of resilience of the metal, 
the enamel glass, and the falling body; (2) the 
radius of curvature of the resisting body; (3) the 
metal thickness; (4) the enamel thickness; and, 
(5) the physical structure of the coating (the 
bubble structure and other discontinuities). The 
size of the fracture, believed to be independent of 
the impact resistance, depends upon the following: 
(1) enamel thickness; (2) radius of curvature; 
(3) amount of compressive stress in the enamel and 


Cycles of test 


43 45 47 49 oy 53 55 
Yeor 


Fig. 29. Changes in Thermal Shock Resistance 
of Enameled Utensils 1943-1955 


therefore the coefficient of expansion of the enamel; 
(4) adherence of the coating; and, (5) physical 
properties of the impacting object. 

Petersen and Andrews"°® studied the impact 
resistance of enameled utensils. Increases in enamel 
thickness and increases in the radius of the object 
subjected to impact were found to increase impact 
resistance. Increased thickness of the metal stock 
also increased the impact resistance, but not so 
effectively as an increase in enamel thickness. 

Standard ASTM test procedure“ involves a 
falling duralumin ball, which drops vertically onto 
the bottom radius of the test specimen. If no fail- 
ure occurs at the first test height, then the pro- 
cedure is repeated at a slightly higher level. This 
procedure is repeated until a chip is visible to the 
normal eye at a distance of 18 inches. The failure 
is recorded as the maximum height that the falling 
weight attains. 


d. Thermal Shock Resistance 

Thermal shock of enameled specimens involves 
the sudden change in temperature that the specimen 
undergoes. The stresses set up in the enamel as a 
result of this treatment may become great enough 
to cause fracture of the enamel. Thermal shock 
failure of enameled ware generally occurs through 
abusive quenching of the ware with a liquid or 
from heating of the ware over a flame. 

Thermal shock resistance was found to be pri- 
marily dependent upon the thickness of the enamel 
(see Fig. 28). The resistance decreased greatly up 
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to 30 mils thickness but was not affected by further 
increases. Thermal shock resistance also increased 
slightly with thickness of the metal. 

The test for thermal shock resistance’®) is one 
which measures the ability of a heated pan to 
withstand the shock of cold water. The pan is first 
heated on a hot plate at 300 watts heat input, then 
removed and quenched with water at 70° F. The 
plate input is increased by 50 watts and the pan 
replaced on the hot plate. The quenching process 
is repeated. The test is terminated when either the 
pan fails or the heat input reaches 1000 watts. Fail- 
ure is defined as the removal of enamel from the 
|| pan. 

Since the thickness of titania enamels was gen- 
erally much less than that for other enamels, the 
introduction of titania enamels into commercial 
use greatly improved the thermal shock resistance 
of enameled ware. In the EUMC tests, this im- 
provement was plainly evident (see Fig. 29). 


13. Viscosity 


a. Measurement of Viscosity of Enamels 

The viscosity of enamels has been related to 
their flow and crystallization properties. Several 
attempts to adapt methods for measuring the 
viscosity of glass to the measurement of viscosity 
of enamels have met with qualified success. A 
problem arose when the viscosity of recrystallizing 
enamels was measured. Upon the formation of crys- 
tals, the apparent viscosity of the glass and crystals, 
rather than the viscosity of the glass alone, was 
being measured. In addition, as crystals formed, 
the composition of the glass must also have 
changed. Thus, changes in viscosity may have been 
caused not only by the temperature effect, but also 
by the change in composition. 


b. Methods of Measurement 

There are three fundamental methods of meas- 
uring the viscosity:“' (1) measurement of flow 
through a capillary tube; (2) measurement of the 
torque on one of two concentric cylinders when one 
cylinder rotates in or around the fluid; and 
(3) measurement of the rate of fall of a sphere 
through the fluid. Most of the viscosity measure- 
ments have been made with the latter two methods. 

c. Correlation of Viscosity with Other 

Enamel Properties 

Millar and Buck"? used the concentric cylin- 

der method in an attempt to correlate viscosity 


measurements with flow, fusion, and firing range. 
They used a standard frit of the following com- 
position: 


Nae Rye one OU 
k.O. P24 0% 
Li,O eee? 
Al,Os. eae 
B,O3. Pedal 210% 
SiQhu wee oe. 6 48.0% 
TOA Ala OAR, eae 20.0% 
INR ODg et 2s we ans 0.0% 


Small variations were made in the composition, 
and the effect on viscosity, flow, and fusion point 
were noted. An increase in alkali caused a decrease 
In viscosity, an increase in fusion point, and a 
decrease in flow. An increase in K.O content caused 
the viscosity to decrease between 770-1000° F., but 
caused it to increase at lower temperatures. Small 
lithia additions generally increased flow, as did an 
increase in boron and fluorine content — which also 
decreased the fusion point. These results show that 
viscosity alone does not always determine the flow 
or fusion point of an enamel, although they are 
frequently related, as in the case of boron and 
fluorine. It is emphasized that small changes may 
give much different, and frequently opposite, results 
than larger changes. This has often been noted 
throughout the study of enamels. The above authors 
presented a theoretical discussion of the effects of 
changing alkali, titania, boron oxide, and silica 
contents on the basis of the glass former-modifier 
concept. The theory is concerned with exceeding or 
being below a critical modifier-former ratio, where 
additions exceeding this ratio will cause an increase 
in viscosity, and additions which keep this ratio 
within its critical limit will decrease the viscosity. 

d. Effect of TiO, on Viscosity of Enamel Glass 

Heimsoeth and Meyer used a “drawn-ball 
viscometer” to study the influence of TiO, on va- 
rious enamels. The addition of up to 8% TiO, to 
boron-free enamels reduced the viscosity consider- 
ably in the temperature range of 600-1000° F. This 
same effect was noticed with enamels containing 
small amounts of B.O; and with standard B,O, 
enamels. Small amounts of TiO, increased the 
viscosity of phosphate enamels with a low silica 
content. In this study, however, flow button tests 
were found to agree with the viscosity tests. Boron- 
free titania opacified enamels were found to have 
very low viscosities, so that TiO, was assumed to 


38 ILLINOIS ENGINEERING EXPERIMENT STATION 


give the same fluxing effect as B,O;. However, in 
enamels high in B.Os;, this fluxing effect was not 
evident. 

Yee and Andrews"*) were interested in deter- 
mining the effect of viscosity on the recrystalliza- 
tion properties of a typical titania frit. They 


verified the crystallization-viscosity relationship 
which Tamman predicted (see Fig. 3). Finally, 
they found that time was an important factor in 
determining the viscosity of the melt. The viscosity 
was found to increase with time, an occurrence as- 
cribed to the formation of crystals. 


V. PROCESSING 


Processing includes the normal enameling oper- 
ations which are utilized to change the raw mate- 
rials into finished enameled pieces. These processes 
generally involve production of the frit, milling of 
the enamel, application of the enamel to the metal, 
and finally, the firing of the ware. Although these 
_ processes have existed in a well developed form for 
many years, the use of titania recrystallizing en- 
amels required some changes and special features. 


14. Smelting 


In smelting the raw materials are combined at 
a temperature which is sufficient to form a homo- 
geneous glass. This temperature, of course, depends 
upon the particular composition of the enamel. In 
the early development of titania enamels, the 
EUMC made some smelting studies of an alkali 
borosilicate enamel. These studies included the 
effect of undersmelting, oversmelting, and the use 
of various types of TiO, on certain properties of 
the frit and the enamels. 

The procedure found by the EUMC to give the 
most homogeneous frit with the best properties in- 
volved smelting at 2200-2300° F. until violent gas 
evolution ceased, followed by fining or soaking at 
2150° F. The final soaking period was necessary to 
dissolve all remaining silica and titania. 

Undersmelting, which included either smelting 
at too low a temperature or not soaking long 
enough, resulted in undissolved material. This un- 
dissolved material produced an inhomogeneous frit 
with a resultant lowered reflectance of the fired 
enamel. The undissolved titania was believed to 
be in the form of rutile. If anatase was the desired 
form of recrystallizing TiO., these undissolved 
rutile particles were harmful in that they may have 
tended to seed the growth of rutile crystals. 

Oversmelting can change the properties of the 
frit and the fired enamel in several ways. Frit, 
when smelted at temperatures which are too high, 
and when held at smelting temperatures for long 
periods of time, generally is characterized by a 
dark brown color. This discoloration of the frit, 
however, has not been found harmful to the color 
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of the fired enamel. Such a brown discoloration is 
indicative of oversmelting which has other harmful 
effects. The cause of the discoloration seems to be 
the reduction of the Ti*t ion to Ti**. Such reduction 
is known to occur when ambivalent elements are 
held at high temperatures. This phenomena has 
been noted in the case of iron. Of course, the 
same effect can be achieved with the aid of a reduc- 
ing atmosphere. Since enamels are generally fired in 
an oxidizing atmosphere, and since it is known that 
the brown discoloration resulting from oversmelting 
does not affect the color of the fired enamel, it is 
assumed that the oxidizing fire is effective in chang- 
ing any Ti** ions to the Ti* state. 

The harmful effect which frequently arises from 
oversmelting is volatilization of certain components 
of the batch. Friedberg, Petersen, and Andrews“? 
first noticed this effect when they found that the 
fluidity of oversmelted frits was less than that of 
correctly smelted frits. The fluidity values of frits 
made at different smelting temperatures, and the 
effect of soaking time at these temperatures, is 
shown in Fig. 30. The deleterious effect of long 
soaking times at smelting temperatures in excess 
of 2200° F. is demonstrated by the rapid decrease 
in flow values. It was also found that the reflect- 
ance of these oversmelted enamels was decreased. 
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Fig. 30. The Effect of Soaking Time and Temperature on 
Flow Properties of Titania Frits 
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Fig. 31. Viscosity vs. Temperature. V1O Enamel Frit Smelted 


at Various Temperatures (from Shannon“) 


This decrease in reflectance was attributed to the 
loss of volatile fluorides with a resultant decrease 
of viscosity and crystallization products. The loss 
of alkali fluorides was later substantiated.7**) An 
analysis of volatiles by X-ray diffraction showed 
several compounds, only one of which was identi- 
fiable: KBF,. A study of the viscosity of enamels 
which had been soaked at temperatures above the 
normal smelting temperatures showed the large 
decrease in viscosity (see Fig. 31) which accom- 
panied the loss of these fluorides. 

Long soaking times, however, at temperatures 
which are not excessive served to increase the 
reflectance of the fired enamel (see Fig. 32). This 
effect was attributed to an homogenizing effect and 
the complete solution of the titania. 

As mentioned in the discussion of raw materials, 
one of the smelting problems during the early 
stages of development of titania enamels was set- 
tling of the titania during the smelting process. 
This problem was solved by the use of technical 
grade titania which did not form large aggregates 
and which therefore dissolved more easily. 


15. Milling 


Putting the frit into a form in which it can be 
applied to the metal is the next step in the proc- 
essing. This generally involves milling the frit with 
water and a suspending agent to form a slip which 
can then be dipped or sprayed onto the metal. 
Important elements in this process include the sus- 
pending agent, the electrolyte used to aid suspen- 
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Fig. 32. Effect of Soaking Time in Smelter on Reflectance 
of a Titania Enamel 


sion, and the fineness of grinding necessary to pro- 
duce optimum qualities of the slip. 

Some typical mill formulas as used for titania 
enamels are given below: 


[7 Ila 

PG a> and oto 100% ‘Frit 100% 
Clay ivsetens« unh%. Glag. > ioe 4% 
Bentonite.....44%  Bentonite.... 346% 
KOs cea YG, TiQs oie on ee 1% 
NaNO, iW%. KCl ales ae 32% 
Gum, Trag.::':}49%,. NaAlO.. -.. eee 32% 
Waters eieee..3 Gum Tragacanth. ..149% 

NaN Os. oe Y% 

fT) IV 

Briticus hate: 100% Frits ca l.0. Seog 
Clay) sc... See, Clay aes eee 4% 
K3COs.. .....4149%" “Bentonites aoe 
NaNQg. .o28.. 46%" SNaNOoat:” oe ee ee ae 
Water: ...., ..58% ~~ Water: ).c, yee 


It is obvious that a large degree of freedom 
exists in choice of electrolytes and that appropriate 
electrolytes must be chosen for the frit. 

The amount of clay present is important from 
the standpoint of acid resistance. For excellent 
acid resistance, assuming the frit to be of proper 
composition, 4% clay seems optimum. An increase 
to 5% clay improves the suspension properties but 
tends to decrease the acid resistance. Bentonite is 
used frequently to give strength to the bisque 
enamel. 

The type and amount of clay used determine 
the amount of electrolyte necessary. The ability 
of the clay to suspend the frit particles depends 
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upon the size of the clay particles and on the alkali, 
ferrous, and hydroxyl ions present. Titania opaci- 
fied enamels contribute relatively few charged ions 
to the mill liquor. The additions of clay alone 
seldom provide enough suspending material and 
charged ions, so that additional electrolyte is 
necessary. ‘116 

According to Golding,“*® the mechanism by 
which the electrolyte aids suspension “relies mainly 
on the surface activity of the clay and the very 
fine particles which are present.” Charged ions 
adsorbed onto the surface of these particles cause 
attraction or repulsion and thereby are responsible 


_ for suspension of these particles. 


A large number of electrolytes have been found 


successful for titania enamels. Potassium chloride, 


potassium carbonate, potassium nitrate, sodium 


‘aluminate, magnesium carbonate, and sodium ni- 


trite have all been used to advantage. Magnesium 
carbonate has been used where reactions with color- 
ing oxide is particularly undesirable. A study by 
Marbaker et al.,“"® of electrolytes singly and in 


combinations, showed that the best color stability 


was achieved for his frits with 144% MgCOs, and 
that the best combination of electrolytes from the 
standpoint of suspension properties and color stabil- 
ity was 144% NaAlO, and 14% KCl. His results 
showed that the use of various electrolytes affects 
the color stability of the enamel and its reflectance 
properties. The effect of electrolytes was modified 
considerably by using various combinations. 
During and after milling of the enamel there 
is a leaching action of the water on the frit. Al- 
though the titania frits are relatively “insoluble,” 
certain “soluble” salts are leached out of the glass. 


An analysis of the mill liquor after aging showed 


the presence of Na,O, K.O, and B,O;.) Concen- 
tration of these compounds increased with aging 
time and with fineness of grinding. Aging, however, 
was found to have little effect on the physical 
properties of the fired enamel.“ 

King‘”” studied the characteristics of slips with 
good suspension properties. The mill liquors gen- 
erally contained one-tenth to one-fifth of the 
amount of salts necessary to produce saturation. 
He found that Na,O, NaF, and B.O; were the pri- 
mary constituents of the mill liquor and that for 
good suspension properties, equal amounts of Na,O 


and B.O; were desirable. There did not appear to 


be any complex salt formation involving these 
three substances. He traced the good handling 
characteristics of enamels to the presence of: 1?” 


1. Salts with moderate solubilities which change 
only slightly with temperature. 

2. Salts which produce well buffered solutions 
of moderate pH (about 10). 

3. Nal’, a relatively inert crystalline material 
as a primary phase. 

4. A secondary phase which crystallizes slowly 
with relatively little shrinkage. 


Grinding and milling of a titania enamel is 
generally finer than for other enamels. Wilson” 
stated that a fineness of 1-2 grams remaining on a 
200 mesh screen from a 50 ce sample was sufficient. 

Attempts were made to dispense with use of the 
clay as a suspending agent by utilizing colloidal 
silica mill additions. The ability to eliminate the 
presence of organic materials and to control the 
chemical purity were two objects of this work. 
The experimental work showed that this finely 
divided state of silica could be used to advantage 
to suspend the frit, and in addition, to provide 
some other valuable features. One per cent colloidal 
silica mill addition produced the following changes 
in the fired enamel: ‘?”) 

1. Lower maturing temperature 
Improved gloss 
. More blue-white color 
Decreased reflectance with some enamels 
. Improved acid resistance as measured by the 

citric acid spot test 
6. Decreased acid resistance as measured by the 
boiling citric acid test 


oR wb 


Sodium nitrite was not found to be an effective 
setting-up agent; potassium chloride was more 
successful. 

Titania enamels are sprayed or dipped as are 
other enamels, but application weights of 25 to 30 
grams per square foot are usually desired. When 
necessary to increase the film strength, small addi- 
tions of gum tragacanth and urea may be made. 


16. Firing Procedure 


Firing of titania enamels is carried out at the 
temperature which will give the best surface prop- 
erties to the enamel. A general range seems to be 
1450-1550° F. The color instability of titania 
enamels has been mentioned before. It results from 
the instability of the anatase-rutile forms of titania 
with respect to temperature. Thus, the firing tem- 
perature must be rigidly controlled to produce con- 
sistent colors from one firing to the next. 

For most enamels there remains some latitude 
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of firing temperature for which the enamel will still 
appear smooth and glossy without a large number 
of defects. The extreme ends of this latitude are 
referred to as “hard” and “soft” firing, where 
“hard” firing is firing at the high end of the tem- 
perature scale. This scale of firmg temperature 
was related to the impact resistance, the thermal 
shock resistance, and the wear resistance (abra- 
sion) of certain porcelain enamels.?” 

“Hard” firing developed the best wear resist- 


ance, poorer thermal shock resistance, and had no 
effect upon the impact resistance. Conversely, 
“soft” firmg developed the best thermal shock 
resistance and the poorer abrasion resistance. The 
solubility resistance of the cover coat was increased 
with higher firing. These results showed that the 
firing procedure must be suited to the end uses of 
the fired enamel, and when these are uncertain, a 
compromise must be made. 


VI. SPECIAL APPLICATIONS OF TITANIA ENAMELS 


17. One-Coat Whites 


The use of titania enamels reduced the required 
thickness of the cover coat to 3-5 mils. This was a 
substantial saving in enamel and, consequently, in 
cost over the zirconia and antimony enamels. This 
coating, of course, was applied over a ground coat. 
_ The next obvious step in the development of coat- 

ings was the elimination of the ground coat and the 
development of a one-coat white directly onto steel. 
Titania enamels were found to be well suited for 
this purpose. 

The early work showed that most commercial 
titania enamels could be used, but that in order 
to produce a smooth surface relatively free of de- 
’ fects, the firimg temperature had to be raised 30 or 
40° F.925) Consequently, new enamels were for- 
mulated which worked equally well but fired out 
at lower temperatures. A further requirement of 
these enamels was high flow values. This require- 
ment was necessary to provide a smooth surface 

free of bubbles. As with self opacifying enamels, a 
high opacity and good color were necessary. 

It was found that with the proper processing, 
‘most cold-reduced low carbon steels would enamel 
successfully.“?" However, certain steels resulted 
in better bond than others. Most successful in one- 
coat applications were titanium steels containing 
four times more titanium than carbon. The result 

was a steel with high sag resistance and, most im- 
portant for the enamelers — a steel with no reboil- 
ing or fish scaling tendencies. With these properties, 
titanium steels became most prominent in one-coat 
white operations. 
The processing involved in successful use of one- 
coat whites was not significantly different from 
that of normal cover coats. The differences arose 
from the fact that the cover enamel must be made 
to adhere to the metal surface rather than the 
ground coat. The treatment of the metal, therefore, 
played a significant part in determining the enamel 
to steel bond. 

The metal treatment received much attention 
and, consequently, a number of processes were 
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originated to give a metal surface which could be 
enameled with one cover coat. These included sev- 
eral processes tried by the EUMC, the Parker Pre- 
Namel 410 process, the Ferro-Republic pickling 
process, the Ti-Loe Process, and various others. 
The results of these processes were specimens with 
excellent torsion and chipping resistance, but with 
a tendency to show certain defects unless special 
processing precautions were observed. 

Common defects which developed in the produc- 
tion of these enameled pieces were rough finish, 
boiling, and discolorations. It was found very im- 
portant to avoid the presence of impurities such as 
dust particles and dirt, since these produced con- 
spicuous defects. 

Several metal treatments involved a phosphate 
coating on the steel. Chester“? described a 
method with the following steps: (1) surface etch- 
ing of ferrous metal with sulfuric acid containing 
both an oxidizing agent, such as MnO,, and an 
inhibitor, such as an alkali or alkaline earth metal 
salt, to prevent the formation of iron compounds; 
(2) application to the etched surface of a coating 
of phosphorous oxide and sulfur; (3) application 
of a coating of antimony; and finally, (4) applica- 
tion of a coating of nickel to the antimony. Chester 
claimed a surface prepared in this manner was 
suitable for application of any single white cover 
coat. 

The Parker Pre-Namel process as described by 
Gibson?®) was quite similar to the patent of Ches- 
ter. The process consisted of three steps: (1) clean- 
ing; (2) chemically coating the surface with 
phosphate; and, (3) a prefiring operation to form 
an oxide layer. An amorphous iron phosphate coat- 
ing was said to be formed. Torsion tests showed 
excellent results for enameled sheets coated in this 
manner; Pre-Namel specimens failed at 200 de- 
grees, while normal enameled specimens failed at 
70 degrees. 

Pfeiffer“?®) developed a process of degassing 
the metal to prevent any of the normal defects en- 
countered in one-coat whites. This process con- 
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sisted of heating the sheet steel to 1600° F. in a 
non-oxidizing atmosphere such as hydrogen or a 
cracked gas consisting of nitrogen, hydrogen, and 
carbon monoxide. 

In work done by the EUMC, it was found neces- 
sary to impart a deep etch to the metal. Nitric and 
sulfuric acid were commonly used for this purpose. 
The primary difference between normal pickling 
treatment and that for one coat whites was the use 
of a nickel flash, in which a nickel coating of ap- 
proximately 0.05 to 0.20 grams per square foot was 
applied. The weight of this coating was not found 
to be critical. The nickel coating was followed by 
an FeS, or sodium thiosulfate pickle. In prelim- 
inary studies by the EUMC, such a pickle was 
found to increase adherence. 

Several manufacturers have used the Ferro- 
Republic’®® pickling process, which is similar to 
the above treatment with the exception of the nickel 
flash. In this process, a nitric acid etch is used but 
the nickel is deposited by chemical reduction rather 
than by galvanic displacement. A chemical reduc- 
tion was found to give similar results to galvanic 
displacement.) 

Work by the EUMC on one coat whites indi- 
cated that a prefiring treatment of the etched metal 
was beneficial in the majority of the cases in pro- 
ducing a good bond. This prefire treatment in- 
volved firing the sheet metal at a temperature from 
1300 to 1500° F. for 30 seconds. The effect of 
preoxidation was theorized as the conversion of 
exposed iron and iron oxides to the higher oxides 
in order to allow the reaction: 


Fe,03 + Ni— NiO + 2FeO (see Fig. 11) 


In addition, decomposable products were removed 
from the surface. 

Final processing, 1.e., application and firing, was 
similar to that of cover enamels. Spraying was 
found difficult in that it was sometimes hard to get 
a uniform coating and to cover the edges satisfac- 
torily. Minimum coating thickness was found to 
be at least 3.5 mils to allow proper coverage. 

Despite the large amount of research on meth- 
ods allowing the use of one-coat white enamel, a 
satisfactory solution to the problem has not evolved. 
The fact that the larger portion of commercial 
enamel pieces is still produced using a ground coat 
and cover coat is sufficient evidence of this. The 
one-coat process using titanium steel has certainly 
yielded excellent results, but the higher cost of this 


steel has limited its use to only special items in 
porcelain enameled manufacture. 

The properties of one-coat white enamel on 
titanium steel were sufficiently good to allow its 
use commercially on range tops and various other 
appliances. Damage from chipping was found to be 
extremely low.“*) Tests to determine mechanical 
strength have not always correlated with service 
tests. Results from the impact test were not found 
to agree with the low loss record from chipping for 
these enamels; thus, the impact test was discarded. 
Results from the torsion test showed superior qual- 


ities for the one-coat white which correlated with 


service tests. (9%) 


18. Colored Titania Enamels 


After the successful development of titania 
enamels as white cover coats with good physical 
and chemical properties, it was natural for industry 
to desire their use as colored enamels. It was im- 
mediately evident that opaque titania enamels 
could not be used to produce dark intense colors 
and that the resulting colors were not stable with 
variations in firing temperature. 

Further work on the colors showed that there 
were essentially two methods of introducing the 
color. The first of these was by mill additions. 
This proved successful but was later found to be 
inferior to smelting-in the color. Howe‘*®) stated 
that “smelted-in” metallic compounds eliminated 
variations in color due to solution and compound 
formation that might occur at relatively low firing 
temperatures. He also claimed that smelting-in 
the color insured good dispersion of strong clear 
colors like black and blue. Smelting-in pastel colors 


insured color stability and good dispersion. Howe 


listed the advantages of pigmented frits: 


1. Better color stability with respect to firing 

temperature variation. 

2. Better enamel workability. 

3. No sacrifice in the physical properties of the 

enamel. 

4. Flexibility in manufacturing operations be- 
cause pigmented frits can be mixed to give 
variation in color, 

. Stability upon aging of the slip. 

6. Less hazardous from the human error stand- 

point. 


Or 


Millar“*® studied smelted-in colors and com- 
pared them to mill-added colors. He found that 
smelted-in colors were more stable to firing varia- 
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Table XI 


Effect of Some Color Oxides on Clear Zirconia and Titania Frits 
(from Wilson) *? 


Color Clear Glass Frit Zirconia Titania 
Red medium red milky rose lavender pink 
Yellow dandelion yellow butter soft bu 
Ly milk chocolate soft buff 
Green dark green med. green light green 
WUGUCREIIGMMMME TS. omin asl te te ered robins egg blue 
HOARE one e605) s-ecsecavaye soft pink light pink with 

tan tint 
PSA OKI eavelercis:ecicls-se dark gray silver gray 


tion than the other type. He also discussed the 
role of the coloring element in the enamel. One 
effect was the color of the dissolved ion. In pastel 
colors, the intensity of the color produced by this 
ion was greatly reduced by the light scattering 
effect of the titania crystals. 

Another effect was the combination of the color- 
‘ing ion with the TiO, to form the titanate or a 
Ti-coloring element complex. These two types of 
mechanisms were best illustrated by the use of 
cobalt in frits. The frit itself, when cobalt was 
introduced in the smelter, had a cobalt blue color. 
Upon firing, the color changed according to the 
~ amount of cobalt present and the firing tempera- 
ture. High firing temperature and low amounts 
of cobalt favored the cobalt blue formed by the 
presence of the cobalt ion. Lower temperatures and 
larger amounts of cobalt favored the formation of 
the green cobalt titanate, as identified by X-ray 
crystal analysis. 

As indicated, pastel colors were produced by in- 
troducing color oxides into a super-opaque enamel, 
either at the mill or in the smelter. Dark colors 
were obtained using titania enamels, but either 
clear or low opacity frits were used to produce this 
color economically. The lack of opacity in the clear 
enamels is compensated for by the absorption of 
light that occurs when dark pigments are used. 
Opaque frits with a reflectance greater than 75% 
could be used for blue, blue-green, and medium 
strength colors with sufficient color stability. Semi- 
opaque frits with reflectance less than 75% were 
‘designed for color work, and resulted in good to 
excellent color stability. Less oxide was necessary 
to produce colors with these semi-opaque frits. 
Frits with a wide range of opacity have been used 
to give diversity to the opacity of the mixtures and 
consequently to the darkness of various pastel 
colors. 4° 

Almost all colors, with the exception of certain 
shades of red, purple, and orange, are attainable 
with titania enamels. The amount of color oxide 


used is usually greater than in other types of 
enamels; 3 to 6% has been used successfully in 
some cases. (141) 

Dietzel and Boncke™*”? studied the effect of ad- 
ditions of 20% TiO. on colored glasses. One group 
of colored glasses was strongly affected. The fol- 
lowing changes occurred: 


Color Oxide Changes 
Bie) S! aha, sae Blue to yellow brown 
MnO .Colorless to yellow 
INO ate Gray brown to gray violet 
CuO. .. Blue to green and yellow 
Ce,03 .. Weak yellow to deep yellow 


and orange red 


Another group of oxide colored glasses using CoO, 
Mn.03;, Cr203, UO;, V2O;, and Fe.O; was unaffected 
by the titania additions. The explanation offered 
for the changes in color was the formation of com- 
plex titanates, which are analogous to ferrites. 

Wilson"'*®) compared the colors produced in 
zirconia enamels to those produced by the same 
oxide in titania enamels. Table XI shows the 
results obtained with various colors. When these 
colors were refired, they were all found to lighten 
to some degree. 

Color instability has been the largest drawback 
to the use of colored titania enamels. Colors fre- 
quently change in intensity and hue as either the 
firing temperature or time is increased. This in- 
stability seems greatest in opaque enamels and 
results in a shift of the color to the higher wave- 
length portion of the spectrum. Clear enamels do 
not exhibit this instability to any degree. 

Russell, Friedberg, and Petersen” stated that 
the instability problem could be minimized by care- 
ful processing. The variables which were most 
important to control were (1) fineness of grinding, 
(2) weight of application of enamel, (3) frit com- 
position, and (4) firing procedure. Millar‘? 
studied the effect of the change in composition of 
the basic frit ingredients: 

1. Increase of alkali increases reflectance in 

yellow portion of spectrum. 
. Increase of silica causes increase in blue. 
. Increase of titania intensifies blue. 
. Increase in fluorine content increases yellow. 
. Changes of Al,O3, ZnO, P.O; content have 
little effect on color. 
6. Increase of B,O; increases brightness of color. 
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